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7 ) . The i nb r ed s  b y  expe r imen t a l  runs i n t e r a c t i on fo r 
r e l at i v e  wa t e r c o n t ent o f  4 8  h r  s t r e s s ed ( n o t  
wat e r e d ) a n d  n o n s t r e s s e d  c o r n  i nb r e d  l i n e  
s ee d l i n gs . . . . . . . . . . . . . . . . . . . . . ·. . . . . . . . . . . . . . . . . . . . 7 0  
8 ) . The e xp e r i m e n t a l  run s  b y  co n d i t i o n  i n t e r a c t i o n  for 
o s m o t i c  p o t en t i a l s  ( fu l l t u rgor ) o f  48 h r  s t r e s s e d 
( n o t  w a t e r e d )  and n o n s t res s ed c o r n  i nb r e d  l i n e  
9). 
1 0 ) . 
1 1 ) . 
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I NTRODUC T ION 
C o r n  (g�� M��� L.), a n  ann u a l  c r op , can be s ev e r l y  
damaged b y  l at e  s p r i n g  f r os t s . D amage wou l d  b e  e s p ec i a l l y  
1 
c r i t i ca l  i f  t he g r ow i n g po i n t  we re k i l l ed . T o  d e c r e a s e  t he 
pos s i b i l i t y t h a t  c o rn may b e  s ub j e c t e d t o  f r e e z i n g  
con d i t i on s , s ho r t e r  s e as on c o rn c o u l d  b e  p l an t e d  l a t e r  i n  
t h e  ye a r . An o t h e r  p o s s i b i l i t y ,  however , w ou l d  b e  t o  dev e l op 
var i e t i es wh i c h  c o u l d  w i t hs t an d  fre e z i n g  c o n d i t i o n s . Due t o  
t he p r ob l em o f  s p r i n g fro s t s , the fo l l ow i n g  r e s e a r ch w a s  
-
pe r fo rm e d  w i th t h e l on g  range goa l o f  re l ea s i n g  a f r e e z e  
res i s t a n t  c o r n  l i n e . 
The i n i t i a l  s t ages o f  t h e  r e s earch w e r e  t o  d e v e l op a 
• e t h o d  f o r  s c r e e n i n g  c o rn i nb red l i n e s  fo r f re e z i n g  
r e s i s t an c e . T h e  m e t hod dev e l oped was t o  g r ow l i n e s  i n  a 
green hous e a n d  t he n  s ub j e c t  t hem t o  a fre e z i n g  cyc l e  i n  t he 
g r ow t h  c h amb er . E i gh t y- e i gh t  l i n e s  were s c r e e n ed f o r  
freez i n g r e s i s t an ce b y  · t h i s  m e t ho d . I n  add i t i on , t h e 
e ffe c t s o f  v a r i ous wat e r  s t r e s s  c on d i t i on s  o n  f r e e z i n g  · o f  
c o r n  i nb r e d  l i n e s  w e r e  i n v e s t i ga t e d . 
S i n c e  t h e u s e  o f  a freez i n g  cyc l e  r en d e r s  
s us c ep t i b l e  p l an t s  us e l e s s , a •e t h o d  o f  s c r e e n i n g  fo r fr�e z e  
re s i s t an ce w i t ho u t  a freez i n g  cyc l e  was a l s o  s t u d i e d . These 
�e t h o d s  i n c l ud e d  a r e l a t i v e  meas ure o f  i ce n uc l ea t i n g  
b a c t e r i a , · an d m e a s u r eaen t o f  v a r i ous w a t e r  re l a t i on s h i p s . ·  
The f i n a l  s t ages �f t he r e s ea r ch w a s  t o  b eg i n  work · 
w i t h t he i nh e r i t an c e  o f  freez i n g  re s i s t an c e . 
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L I T E RATURE RE V I EW 
G en e r a l ·p r ob l em : 
F r om a r ch e o l o g i c a l  e v i dence i t  c a n  b e  h yp o t he s i z e d 
t ha t  c o rn o r i g i n a t e d i n  t he Mex i can h i gh l an d s  ( W i l k e s , 
1 9 7 9 ) . I n  P r e-C o l umb i an t i m e s , c o rn was cul t i v a t e d  i n  t he 
Ame r i c a s  f r om Chi l e  t o  s o u t he r n No r t h  D ak o t a  a n d  � t  
a l t i t u d e s  r an g i n g  upw a r d  t o  t h e  h i gh v a l l ey s  o f  t h e A n d e s  
( We at herwax a n d  R a n d o l p h , 1 95 5 ) . Today , c o r n  i s  t h e l e a d i n g  
c r o p i n  m any t empe r a t e r e g i o n s  ( M i edemm a , 1 9 8 2 ) . S i n c e  corn 
is  char a c t e r i z e d  b y  a h i gh opt imum t empe r a t u r e  n e e d e d  for · 
germ i n at i on an d g r ow t h  a n d  a s ho r t - day r e qu i r em e n t f o r  
f l owe r i n g · i t s  adap t a t i on t o  c o o l e r  c l ima t e s  o f  h i gh e r  
a l t i t u d e s  re qui r e s  a d ap t a t i o n t o  l on g  days an d l ow 
t empe rat u re s  ( M i e demma , 1 98 2 ) . However , e v e n  t o da y  
p r a c t i c a l l y  n o  c o rn i s  g r own fo r gra i n  wh e r e  a v e r ag e  
0 
m i ds umm e r  t empe r a t u r e s  a r e  l e s s  t han 1 9 · c o r  whe re a v e rage 
0 
n i ght t empe r a t u r e s  d u r i n g  t he s uamer aon t h s f a l l  b e l ow 1 3  c .  
The g r e a t e s t p r o duc t i o n a r e a  i s  whe re t he av e r a g e  t empe r a­
o 
t u re dur i n g  t he w a rm es t  • o n t h s  range from 2 1  t o  2 7  C a n d  the 
f r o s t free s e a s o n i s  f r om 1 2 0 to 1 8 0 days ( S h aw , 19 7 7} . 
R e s e a rche r s  h a v e  s hown t he advan t a g e s  o f  e a r l y  
p l an t i n g  dat e s  f o r  c o rn ( Pe n d l e t on an d E g l i ,  1 9�9� D un gan , 
1 944 ) . E a r l y  p l an t i n g e n ab l e s  s e e d l i n gs t o  b e t t e r  u t i l i z e  
w i n t e r a n d  s pr i n g  s o i l  • o i s tur e , prov i de s  f o r  a l on ge r  
v e ge t a t i v e p e r i o d , a n d  e n ab l e s  t he p l ant t o  c ome c l o s e r  t o  
i t s •ax i mu• y i e l d  p o t en t i a l  ·( P e s ev , 1 96 9} . . H ow ev e r , e a r l y  
1 96 9 ) . The re ap p e a r s  t o  b e  gen e t i c  v a r i ab l i t y  i n  fre e z i n g  
t emp e r at u r e  s ur� i v a l  o f  c o rn ( Pe s ev , 1 9 6 9 ) . I n  a n  e a r l i e r 
s t udy ( Ko c h  a n d  Mu l l e r , 1 9 6 3 ) , t he gene t i c v a r i ab i l i t y  
appe a r e d  t o  b e  s ma l l e r t h an t h a t  r ep o r t e d b y  Pe s ev ( 1 9 69 ) . 
F r eez i n g  t emp e r a t u r e  s u rv i v a l  i n  c o rn i s  a l s o  a h e r i t ab l e  
t r a i t ( G a r d n e r , C . , P e r s on a l  C ommun i c at i on , Un i v e r s i t y o f  
Neb r a s k a ) . 
Typ e s  o f  f r e e z i n g : 
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P r imary , d i r e c t  f r e e z in g  i n j ury due t o  i n t r a c e l l ul a r 
fre e z i n g  a n d  s e c o n d a r y , fre e z e  i n duced dehydr a t i o n  d u e  t o  
ex t r ac e l l u l a r  f r e e z i n g  are th e two ma in k i n ds o f  f r e e z i n g­
i n j ury ( L ev i t t , 1 97 2 ) . A s ah i n a  ( 1 95 6 )  s howe d w i t h  s ev e r a l  
p l an t  s p e c i e s  a n d  p l an t  ce l l  typ e s  t h at i n t r ace l l u l a r  
free�i n g , t hat i s , t he fo raa t i on o f  i ce c r ys t a l s  t h r oughout 
t h e  p r o t op l asm a n d  v a cuo l e , g en e r a l l y r e s u l t s  in d e s t ru c t i on 
o f  t he c e l l  c o n s t i t ue n t s . I n t r ac � l l u l ar fre e z i n g  i n j u r y  i s  
u s ua l l y  a s s umed t o  b e  a aechan i c a l  d i s rup t i on o f  t h e  
p r o t op l a s m i c  s t ruc t u re ( Le v i t t , 1 97 2 ) . Ano t he r  r e s u l t o f  
i n t rac e l l u l a r f r e e z i n g  i s  memb r a n e  d e s t ruc t i on ( B ur k e  e t  a l , 
1 9 7 6 ) . E n z ymes re l e a s ed due t o  b re a k down o f  cell u l a r 
comp a r tm e n t a l i z a t i on cau s e s - add i t i on a l  damage i n  t h e  i n j u r ed . 
t i s s u e  ( B u r k e  e t  a l , 1 97 6 ) . 
The f o l l ow i n g  s equence o f  even t s  o c c�r s dur i n g  
ex t r a ce l l u l a r i ce fo rmati o n . A s  e x t rac e l l u l ar i ce f o ra s , a . 
v ap o r  p r e s s ur e  g r a d i en t  resu l t s . The v ap o r  p re s s u r e  o f  t he 
3 
p l an t i n g  may o c c u r  dur i n g  a pe r i o d  o f  t i me i n  wh i ch a dv e r s e  
s o i l an d a i r  t emp e r a t u re s  may occu r . 
D ue t o  c o l d  s o i l  a n d  a i r  t emp e ra t u r e s  i n  e a r l y  
sp r i ng i t  b e c om e s  ob v i ous t h a t  co l d  t o l eran c e  ( i . e . t he 
ab i l i t y  o f  a g en o t ype t o  em e r ge from the s o i l a n d  g r ow 
v i g o r ous l y  a f t e r  eme r gen ce i n  co l d  s o i l  an d a i r  t em p e r atures 
( Mo ck and M c Ne i l , 1 9 7 9 ) ) i s  an impo r t an t  t r a i t  in  e a r l y  
p l an t e d c o r n . C o l d  t o l e r an c e  i n  ma i z e  i s  gen e t i ca l l y  
c on t r o l l e d  a n d  h e r i t ab l e (Gro gan , 1 9 7 9 ; Mock a n d  B b e r har� , 
1 97 2 ) a n d  can b e  i mp r ov e d  b y  recur r e n t  s e l e c t i on t e chn i que s 
( Mock a n d  B ak r i , 1 9 7 6 ) . 
S i n c e  c o rn i s  s en s i t i v e  t o  f r oat a t  a l l  phas e s  o f  
i t s  g r ow t h  e x c e p t  a s  d ry s e e d  ( M i e demma , 1 982 ) , e a r l y  
p l an t i n g  d a t e s  fo r c o rn a l s o  i n c r e a s e  t he l i k e l i h o o d  t ha t , 
once eme r ge d , s e e d l i n g s  may b e  k i l l e d b y  d am a g i n g  f r os t s . 
Th e r e  is a w i d e r a n g e  o f  d i v e r s it y  i n  t h e  ab i l i t y o f  p l an t s  
t o  s ur v i v e  freez i n g  t emp erat ures ( S t epon kus , 1 9 7 8 ;  B u rke e t  
a l , 1 9 7 6 ) . Under c e r t a i n  c o n d i t i on s  many w o o dy s p e c i e s can 
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s urv i v e  i •me r s i on i n  l i qui d n i t ro ge n  ( - 1 9 6 C )  ( S ak a i , 1 965 ) . 
S ome h e rb ac e ous p l an t s  s u ch a s  w i n t e r cer e a l s  can s u rv i ve 
0 
t emper a t u r e s  as l ow a s  - 2 5  C ( B u r k e  e t  a l , 1 9 7 6 ) . H owe-ve r ,  
·t � n de r  a n nua l p l an t s  s uc h  a s  c o rn , cucurb i t s �  a n d  b ea n s , are 
ext reme l y  f ro s t  s e n s i t i v e  ( B urk e et  a l , 1 9 7 6 ) ,  s urv i v i n g . 
t e•pe r a t ure s o n l y  a few degrees b e l ow t he f r e e z i n g  p o i n t  o f 
wat e r  ( A r n y  e t  a l , 1 9 7 6 ; . C a ry and May l an d , 1 9 6 9 ; B u i c an , 
5 
ex t r ac e l l u l ar i ce-wat e r  m i x t u re i s  l e s s  t ha n  t he v a p o r  
p r e s s u r e  o f  t h e  i n t r a c e l l u l a r wat e r . A t t emp t s  a r e  m a d e  t o  
r e l i ev e  t h i s  v a p o r  p r e s sur e  g r a d i en t  b y  t he e f f l ux o f  w a t e r  
out o f  t h e  c e l l ,  wh i ch i n  t u rn c aus e s  t he c e l l t o  c o l l ap s e . 
I f  t h e  e f f l ux o f  wa t e r  i s  n o t  adequa t e  t o  r e l i e v e  t h e vapor 
p r e s s u r e  g r a d i en t  i n t r a c e l l u l a r i ce f o rmat i on o c cur s , 
r e s u l t i n g i n  c e l l u l a r d e a t h  ( S t ep o n kus , 1 9 7 8 ) . I f  i at r a ­
ce l l u l a r  i c e f o rm a t i on d o e s  n o t  o c cur , t h e  c e l l c an s ome­
t i m e s  be r e hyd r a t e d  w i t hout ce l l u l a r  d am a ge ( L e v i t t , 1 97 2 ) . 
Mazur ( 1 9 6 0 ) has s h own w i t h  m i c r o o r gan i s m s  t h a t  t h e 
p e r c ent age s u r v i v a l  upon f r e e z i ng i s  gre at e r  fo r s l ow 
c o o l i ng th an f o r  . fas t c o o l i n g .  H e  at t r i b ut e d  t he p r o t e c t i v e  
e f fe c t  o f  s l ow c o o l i n g  t o  �x t r a c e l l u l ar fre e z i n g  a n d  t he 
dama g i ng e f fe c t  o f  fa s t  c o o l i n g  t o  i n t race l l u l a r f r e e z i n g . 
Ob s e r v a t i on o f  f r o z e n  yeas t c e l l s under t he • i c r o s c o p e  has 
a i de d  i n  t h i �  c o n c l us i o n . Rap i d l y  c o o l �d yeas t c e l l s  r e t a i n  
t he i r  o r i g i n a l  s h ape ( Ne i , 1 95 4 ) wh i l e s l ow l y  c o o l e d  c e l l s 
a r e  m o r e  f l a t t en e d ( Mazur , 1 96 0 ; Ne i , 1 954 ) . A s  i n  
a i c ro o r g an i s ms , Lev i t t  ( 1 9 7 2 ) c o n c l uded t h at , i n  p l an t s , 
i n t r a c e l l u l a r i c e format i on i s  a l s o  b r ough t ab out b y  r ap i d  
f r e e z i ng r a t h e r  t h an s l ow f r e e z i n g . Lab o r a t o ry fre e z i n g  
expe r i me n t s  a r e  o ft en con duct e d a t  g r ea t e r  f r e e z i n g r a t e s  
t han no r•a l l y o c c u r  i n  n a t u r e , t hus caus i n g  i n t r a ce l l u l ar 
r a t h e r  t h an ex t r a c e l l u l ar i ce f o rm at i on ( L ev i t t , 1 9 7 2 ) . 
S i n c e  e x t r ace l l u l ar f r e e z i n g in vo l v e s  a d e s i cc a t i on 
a t re s s  o n  t h e  c e l l 's p r o t �p1asm i t  has l ea d  s oa e  
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i n v e s t i g a t o r s  t o  s t udy corre l a t i on s  b e t ween d r ought 
t o l e r an c e  an d f re e z i n g  t o l e r an c e  ( S im in ov i t ch and B r i gg s , 
1 95 3 ; S c a rt h , 1 94 1 ; L ev i t t , 1 9 7 2 ) . S i m i no v i t c h a n d  B r i ggs 
( 1 95 3 )  c o n c l ud e d  b y  t h e use o f  b a rk t i s sue f r om b l a ck l ocus t 
t ha t  t he r e  i s  a p o s i t i v e c o r r e l a t i o n b e tween d r ought 
t o l e r a n c e  and fre e z i n g  t o l e r ance . S c a r t h  ( 1 94 1 )  us e d  
c ab b age , c a t a l pa , a n d  � Q��Y! i n  b o t h  t he h a r d e n e d  an d 
un h a r d e n e d  s t a t e  t o  c o n c l ude t hat free z e - i n duce d ,  o s m o t i c , 
and d r ough t s t r e s s e s a r e  c o r r�l a t e d . In a dd i t i on ,  L e v i t t  
( 1 9 7 2 )  has accumul a t e d  dat a t hat sugges t t h a t  s i •i l a r  
phys i o l o g i ca l  chan g e s  o c cur dur i n g  harden i ng t o  f r e e z i n g  and 
h a r den i n g  to d ro u ght . Howeve r ,  Le v i t t  (1 95 6 )  has l i s t e d  
o t h e r  c a s e s  i n  t he l i t e r at ure wh i ch s ugge s t  t h a t  t h e re i s  n o  
c o r re l at i on b e t w e e n  d r ough t a n d  freez i n g  t o l e ra n c e . · 
The o r i e s exp l a i n i n g f r e e z i n g i n jury : 
Many exp l an a t i on s  o f  how freez i n g  i n j ury o c curs 
s ugge s t t h at dehy d r a t i on o f  p l an t  c e l l s  dur i n g  f r e e z i n g  i s  
o f  p r i • a ry impo r t an c e  ( B urk e  e t  a l , 1 9 7 6 ) . E xp l an a t i on s  o f  
f re e z i n g  i n j ury i n c l ud e : ( 1 )  t he mechan i c a l  s t re s s  t h e o r y  
( I l j i n , 1 9 3 3 ) , ( 2 )  t he s a l t  p r e c i p i t a t i on t he o ry ( G o r k e , 
1 9 0 6 ) , ( 3 ) t he s u l fydry l - d i s ul f i de hyp o t h e s i s  ( Le v �t t , 1 9 62 ) 
{ 4) t he p r o t e i n  w a t e r  s he l l  hyp o t he s i s  ( Heb e r  
.
a n d S an t a r i us , 
1 9 64 ) , a n d  (5) · t h e  v i t a l  wat e r  hyp o t he s i s  ( We i s er ,  1 9 7 0 ) . 
l l j i n ( 1 9 3 3 ) s uggest e d  t hat , as wa t e r  i s  rem o v e d  
f rom t h e  c e l l i n t o  i n t erc�l l u l ar spaces an d f o rm s  i ce , t h e  
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. vacuo l e s  r e duc e i n  s i z e .  I n  t he en t i re f r e e z i n g  a n d  t haw i n g 
p r o c e s s  �h i s  r e duc t i on i n  v a cuo l e  s i z e  c aus e s  a m e chan i c a l  
s t re s s  upon t he p r o t o p l asm, re sul t i n g  i n  ce l l u l a r d e a t h .  
The s a l t  p r e c i p i t a t i on t h e o r y  {Go rke, 1 90 6 )  s ug g e s t s  t h a t  as 
dehyd ra t i o n  o c c u r s ,  s a l t s a c cumul a t e  i n  t h e c e l l ,  r e s ul t i n g  
i n  p r o t e i n  p r e c i p i t a t i on . T h e  s u l fydry l - d i s u l f i d e hyp o t h e s i s  
( L ev i t t, 1 9 6 2 ) s ugge s t s  that a s  wat e r  i s  removed from t h e  
p r o t o p l a sm, p r o t e i n  mo l ecul es app r o a ch e ach o t h e r  a n d  
chem i c a l  b on d i n g o c c u r s  b e twe�n sul fur a t om s  o f  adj a c e n t  
p r o t e i n  m o l ecul e s  · b y  ox i d a t i on o f  2 S H  g r o u p s  o r  b y  S H= S S  
i n t e r cha nJe . D u e t o  t h i s  aggregat i on, the p r o t e i n  m o l ec u l e s 
undergo a c o n f o rm a t i on a l  chan ge wh i ch r e s u l t s  i n  c e l l i n j u ry 
o r  d e a t h . Heb e r  a n d  S an t o rus ( 1 964 ) rej ect e d  L ev i t t 's 
hyp o t he s i s  an d s ugges t e d t hat b reak a ge o f  hyd r ogen b on d s  
b e t ween wat e r . a n d  l i p o p ro t e i n s  dur i n g  freez i n g d e s t ab i l i z e s 
the l i p o p r o t e i n s  r e s ul t i n g  i n  i n t e r a c t i on o f  l i p op r o t e i n s  
w i t h  o t he r  l i p o p r o t e i n s ,  d i s acchar i d es,  and l ar g e r  s ug a r  
m o l ecul e s . We i s e r  ( 1 9 7 0 )  p r o p o s e d  t h e v i t a l  w a t e r  
hyp o t he s i s  wh i c h s t a t e s t hat a po i n t  i s  r e a c h e d  i n  wh i c h  t he 
o n l y  wa t er l e f t  i n  t h e  p r o t op l asm i s  i n t i ma t e l y  a s s o c i at e d  
w i t h  p ro t op l as m i c  c on s t i t ue n t s  an d i s  n e c e s s a ry f o r  l i fe . 
At t he i n s t an t  o f  freez i n g  i n j ury t h i s  v i t a l  wat e r i s  
hyp o t he s i z e d  t o  b e  r e l eas ed . Lyo n s  e t  a l  ( 1 979 )  s ugges t 
"s i n ce f r e e z i n g  r e s u l t s  i n  a •ul t i t ude o f  s t r e s s e s , i t  i s  
reas o n ab l e  t o  a s s ume t hat . t he o v e r a l l  •echa n i sm· o f  fre e z i ng 
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i n j u r y  i s  a c ompos i t e  o f  many hypot he s e s put fo r t h  an d t hey 
a h ou l d  n o t  be c o n s i d e r e d  a s  m u t ua l l y  exc l us i v e" . 
Fact ors a f fe c t i n g t he freez i n g  proce s s : 
T h e r e  a r e  m a n y  fa c t o r s  wh i ch affe c t  t h e  f r e e z i n g  
p r o c e s s  ( L e v i t t , 1 9 7 2 ;  B u rk e  e t  a l , 1 9 7 6 ) . Th e s e  fac t o r s  
app ear t o  b e  d i v i d e d  i n t o  t h o s e  whi ch are d u e  t o  t h e  
f r e e z i n g  c o n d i t i on a n d  t h o s e  wh i ch are d u e  t o  t h e  p l an t ' s 
con d i t i on . The fa c t o r s  wh i ch r elat e t o  t he f r e e z i n g  
cond i t i on i n c l ud e : ( 1 ) t h e  r a t e  o f  freez i n g , wh i c h  h a s  
a l r e a dy be e n  d i s cu s s e d , ( 2 )  . t he rat e o f  warm i n g , wh i ch may · 
o r  may n o t  a f fe c t  t h e f r e e z i n g i n j u ry , { 3 )  r e p e a t e d  
freez i n g  an d t h aw i n g , ( 4 )  p o s t t haw i n g t re a t m e n t ,  a n d  ( 5 )  t h e  
l e ngt h o f  t ime t ha t  t he p l an t  i s  froz en ( L e v i t t , 1 95 6 ; 
0 
Le v i t t , 1 97 2 ) . I n  g�� ��y� B u i c an ( 1 969 ) s howe d  t hat a t  -5 C 
0 
and a t  - 6  C t h e r e  w a s  c on s i d e r ab l y  more d am a g e  a t  an 
ex pos ure t i me of t h r e e  hr t han at two hr. Koch and M u l l e r  
( 1 9 63 ) a l s o  s how e d  an i n c r e a s e i n  d amage as e xp o s u re t i me 
i n c r e as e d . 
Fac t o r s  a f f e c t i n g  t he fre e z i n g p r o c e s s  wh i ch r e l a t e  
t o  t h e  c on d i t i o n o f  t he p l an t  i n c l ude ( 1 ) c e l l  s ap 
concen t ra t i on , ( 2 )  s up e r c o o l i n g  and i c e nuc l ea t i on , ( 3 )  t h e  
p r e s e n c e  o r  ab s e n c e  o f  i ce n u c l eat i ng b ac t e r i a , ( 4 )  t i s s ue 
hydrat i o n , an d ( 5 )  f r e e z i n g  bar r i ers ( B u r k e  e� a l , 1 97 6 ; . 
L i ndow 1 98 3 ) . 
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C ha n d l e r ( 1 9 1 3 )  s howed t ha t  freez i n g  p o i n t  
dep re s s i o n and .h a r d i n e s s  were grea t er f o r  c o r n  s e e d l i n gs i n  
wh i ch wa t e r  w a s  w i t hhe l d  ( av e rage= l . 0 7 )  than i n  t h o s e  i n  
wh i ch wa t e r  was n o t  w i thhe l d  ( av e r age= 0 . 7 9 ) . B e  a l s o  s h owed 
t h a t  f r e e z i n g  p o i n t  depres s i on s  an d har d i n e s s  w e r e g r e a t e r  
for t ho s e  p l an t s  wa t e r e d  w i t h  p o t a s s i um ch l o r i d e 
( av e rage = l . 0 5 )  t han t h os e wat e r e d  w i t h wat e r  ( a v e rage = 0 . 7 1 ) . 
Howev er , C h an d l e r (1 9 1 3 )  a l s o  p o i n t ed out t h a t  s e c on d a ry 
chan ges i n  t h e p l an t  ( e . g . c e l l  s i z e )  aay be t h e  c au s e o f  
i n c re as e d  h a r d i n es s  r a t h e r  t h an c e l l  s ap c o n c en t r a t i o n .  To 
decreas e t he chan c e s  o f  t h i s  p r ob l em , rap i d l y  p e n e t rat i n g  
s ub s t an c e s  s u ch a s  g l yce r i n e  c ou l d  be u s ed t o  i n c r e a s e t he 
free z i n g  p o i n t  d e p r es s i on ( C hand l e r , 1 9 1 3 ) . P e s ev ( 1 9 6 9 ) 
s h owed t ha t  c e l l s ap c o n c en t r a t i on i s  c o r re l at e d  w i t h  
freez i n g i n j u r y  be tween d i ffe r ent c o rn gen o t yp e s . 
B i gg ( 1 95 3 ) repo r t e d r e s u l t s  from s ev e r a l  s ou r c e s  
wh i c h s h owed t h a t  p u r e  wa t e r  c a n  b e  s uperc o o l ed ( i . e . coo l e d  
0 
t o  v a l ue s  b e l ow 0 C w i thout caus i n g  i ce form a t i on )  t o  
0 
t emp e r a t ures r an g i n g  from - 2 0  t o  - 3 8 . 5 C b e fo r e  s p o n t an eous 
i ce format i on o c c u r s . I t  i s  a l s o  k n own t h a t  m a n y  i n s ec t s  
w i l l  o v e rw i n t e r  i n  t he s up e �c o o l e d s t a t e  t o  t empe r at u re s  o f  
0 
a t  l ea s t - 2 0  t o  - 3 0  C ( S a l t ,  1 95 0 ) . When f r e e z i n g  o c cu r-s i n  
t he i n s e c t  a f t e r  s ev e r a l  d e g r e e s  of s uperc o o l in g , f r e e z i n g  
i s  in t ra c e l l �l a r  ( S a l t , 1 95 9 )  a n d  i s  u s ua l l y  c on s i d e r e d  
fa t a l  ( As ah i n a e t  a l , 1 95 4 ) . A s  i n  i n s e c t s , p l an t s have 
a l s o  bee n  s hown t o  s up e r co o l . ( L arche� , 1 95 9 ; Li  a n d  We i s e r , 
1 96 9; We i gan d , 19 0 6 ;  Arny e t  a l , 1 9 7 6 ) . A r n y  e t  a l  ( 1 9 7 6 ) 
0 
hav e s hown t ha t  c o rn s e ed l i n gs can s uper c o o l t o  - 8  C .  
F r e e z i n g  a f t e r  s up er c o o l i n g  i n  p l an t s  a l s o  r e s u l t s i n  
damag i n g  i n t r ac e l l u l a r fre ez i n g  ( B urke e t  a l , 197 6 ) .  
F o r  t h e  f r ee z i n g p r o c e s s  of wa t e r  t o  b e  i n i t i a t e d , 
the spon t an eous fo rma t i on o f , or ad d i t i o n o f , s u i t ab l e i ce 
nuc l e i  m u s t  t ak e  p l ac e  ( L i n dow , 198 3 ) .  H om o g e n ous i ce 
n uc l e i  ( i . e . r an dom g r o up i ngs of wat e r  mo l e c u l es ) a r e  
impo r t an t  a t  l ow t emp e r a t ures , whereas he t e r o ge n o u s  i c e 
0 
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n uc l e i  a r e  i mp o r t an t  a t  t empe r a t u r e s  c l os e r  t o  0 C ( L i n dow ,  
19 83 ) .  
H e t e r o genous i ce n uc l e i  can b e  �i t h e r  o f  a 
n o nb i o l o g i c a l  o r  a b i o l og i ca l  o r i g i n  ( L i nd ow , 198 3 ) .  
S ou�c e s  o f  n onb i o l o g i ca l  i ce n uc l e i  i n c l ude s uc h  s ub s t a n c e s  
as s i l v e r  i o d i de ( V o n n e gut , 1 94 9 ) , dus t p a r t i c l e s  o f  a i n e r a l  
c l ay s  ( S chn e l l an d V a l i ,  197 6 ) , m i n e r a l  p a r t i c l e s f r om 
• e t e o r i t e s  ( S c hne l l  a n d  V a l i ,  197 6 ; Mason , 196 0 ) , k ao l i n i t e  
( Ma s on , 196 0 ) ,  an d c ry s t a l s  o f  many o r gan i c  ( Pa r u g o  a n d  
Lodge , 1965 ; G a r t en an d Bead , 1965 ) and i n o rgan i c  c ompounds 
( G a r t en an d B e a d , 1 9 65 ) . 
V a l i ( 196 8 )  foun d th at s o i l s  hav in g  h i gh e r  c o n t en t s . 
of o r gan i c  • a t t e r  a r e  b e t t e r  riuc l ea t o rs t h an p u r e  c l ays o r  
s an ds � I t  h a s  a l s o  b e en fou n d  t h a t  decay e d  l �t t e r  f r om ·�n y  
p l an t  s ou r c e s  c o n t a i n  i ce n uc l e i  { S chn e l l a n d  V a l i , 197 3 )  • . . 
Mak i e t  a l  ( 19 7 4 ) t e s t e d an i s o l at e - o f  �!�Y�Q�Qg!! !��!gg�� 
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van H a l l from a l d e r  (!!DY! !�n! f�!!�) a n d  foun d i t  t o  have 
i c e n uc l e a t i ng a c t i v i t y .  A r n y  e t  al ( 1 97 6 )  i s o l a t e d  a 
b a c t e r i um b y  d i l u t i on p l at i n g  from w a t e r  ex t r a c t s o f  c o r n  
l e a f  powd e r  o f  f i e l d  g r own c o r n wh i c h s howed i c e  n u c l e at i o n 
a c t i v i t y. When l e a v e s  o f  c o rn s e e d l i n gs w e r e  s p r ay e d  w i t h 
t h i s  i s o l a t e  g r �a t e r  t han 9 5 �  o f  l e aves w e r e  d ama g e d  at 
0 
- 3 . 5  t o  - 4 . 0  C ,  whe reas l e s s  than 8� o f  l e av e s  o f  p l an t s  
s p r ayed w i t h  b u f f e r  a l on e  w e r e  d amaged a t  t h i s  s ame 
t empe r a t u r e . Th i s  b a ct e r i um was i d en t i f i e d  a s  ���Y�Q�Qn�� 
ye l l ow p i gmen t e d  b ac t e r i um ,  has a l s o  been s h own t o  a c t  as an 
i c e nuc l e u s  o n  c orn s eed l i n gs ( L i n d ow e t  a l , 1 9 7 8 ) . A t h i r d 
b ac t e r i u• wh i c h r e s i des on . p l an t s  t hat has b ee n  c on f i rae d t o  
0 
1 98 3 ) . I n j ury t o  d e t ached l e av e s  a t  -5 C i s  d i r e c t l y  
p r o po r t i on a l  t o  t h e  l oga r i t h• o f  t h e  popu l a t i on o f  i ce 
n uc l e a t i n g  b ac t e r i a  i n hab i t a t i n g  t he l e ave s ( L i n dow e t  a l , 
1 97 8; L i n dow e t  a l , 1 9 7 9 ; L i n dow e t  a l , 1 9 8 2 ) . 
M e t c a l f  e t  a l  ( 1 9 7 0 )  have s hown t ha t  a s  ao i s t ure 
con t en t  i n  b a r l ey and whea t  p l an t s  decreas e to ab out 6 5 � , 
p l an t  s u r v i v a l  a t  freez i n g  t e•pe r a t ures i n c r e a s e s . P l an t  
a urv i va l  a t  • o i s t u r e  con t en t s  b e l ow 65- , h ow e v e r , m ay t en d  
t o  d e c r e a s e .  
t he a p r i n g  •ont hs has b een s hown t o  i n c r eas e h a r d i n e s s  fr�• 
0 
2 t o  7 C ( L i a n d We i s er , 1 97 1 ) . P e s e v  ( 1 9 6 9 ) a h ow e d  t h a t  
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t he boun d wa t e r  c on t e n t  was c o r re l a t e d w i t h  f r e e z i ng i n j u ry 
between c o r n  geno t yp e s . 
Wat e r  p o t en t i a l can e f fect t h e d e g r e e  o f  f r ee z i ng 
i n j ury i n  be an s , c o rn and t om a t o e s  ( C a ry a n d  Maryl a n d , 
1 97 0 ) . A t  r e l at i v e h um i d i t i e s  o f  l e s s  t han 1 0 0 � and w i t h 
s i x hr o r  • o r e  o f  f r e e z i n g , be ans an d cor n t en de d  t o  s how 
g r e a t e r  s u rv i v a l  w i t h  h i gh e r  wat e r  p o t en t i a l s  ( l e s s  
n eg at i ve ) . F o r  be a n s  a t  f r e e z i n g  t i mes o f  3 t o  5 h r  t he 
opp o s i t e  e f f e c t  was s ome t i m e s  obs erved . I t  i s  un c l e a r  i f  
corn a l s o  s howed t h i s  oppos i t e  e ffe c t . · When t he r e l a t i v e . 
hum i d i ty was a t  1 0 0 �  and t he f r e e z i ng t i• e  w a s  o n e o r  two h r  
i t  w a s  c on c l ud e d - t ha t  t he h i gher the wa t e r  p o t en t i a l t he 
l es s e r  t he s u rv i va l . 
C e l l wa l l s can a c t  as a bar r i er t o  wa t er • o v em e n t 
and t o  n o ra a l  i ce fo raat i o n dur i n g  t he f r e e z i n g  p ro c es s . 
S o l ubl e c e l l wa l l c a rbohy d r a t e po l ym e r s  f r om c r ow n  t i s s u es 
of w i n t e r  c e r e a l s  c an r e a c t· w i t h an expand i n g  i ce l a t t i c e  
. r es u l t i ng i n  a • od i f i e d  i c e s t ructure ( O l i e n , 1 96 7 ) . The s e  
aod i f i e d  i c e  c r ys t a l s  c aus e l i t t l e ,d a•age t o  t he c e l l s 
( O l i en , 1 964 ) . Hud s o n  and B rus t k e r n  ( 1 9 65 ) s ug ge s t ed t h a t  
t he r e as o n  y o u n g  l ea v e s  � f  M�!Y� y��y!�!Y� s up e rc o o l a n d  
0 -
f re e z e  i n t r ac e l l u l ar l y  above - 1 2  C where o l de r  l e av e s  c an 
0 
t o l er a t e t empe r a t u r e s  t o  - 1 3 0  C was at l e as t p a r t i a l l y  due 
to t he c e l l  wa l l s of the young l e aves be i n g  i aper•eab l e  t o  
wat e r . The c e l l  m embr a n e has a l �b been hyp o t h e s i z e d  t o  
r e s t r i c t  wat e r  aoveae n t . It bas bee n  s hown t ha t  •e•branes 
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w i t h h i gh �aou n t s  o f  un s at u r a t ed fat t y  ac i ds a r e  m o r e  
f l ex i bl e  a t  l ow t emp e r a t ur e s  ( R i chardson an d Tappe l ,  1 96 2 }  
·and are a l s o  m o r e  pe rmeab l e  ( R i ch a r d s on a n d  Tappe l ,  1 96 2 ;  
an d G r a z i an i  an d L i v n e , 1 9 7 2 ) t h an t hos e w i t h l ow amoun t s  o f  
un s at u r a t e d fat t y  ac i ds . Thes e t w o  ob s e rv a t i o n s  t he n  
s ugges t t ha t  c e l l s w i t h h i gher amoun t s  o f  un s a t ur a t e d  f a t t y  
ac i ds a r e  l es s  l i key t o  b e  i r reve r s i b l y  damaged b y  f r e e z i n g  
t empe r a t u r e s  an d a r e  l es s  l i k ey t o  un dergo i n t r a ce l l u l ar 
freez i n g  ( de l a  Roche e t  a l ,�l 9 7 2 ) . 
Methods o f  d e t e rm i n i n g  i njury a f t e r  freez i ng : 
Fre e z in g  i n j ury s t ud i es c a n  be d o n e  e i t he r  i n  the 
f i e l d  or by a r t i f i c i a l •ean s and c an be • ea s u r e d  
s ubj e c t iv e l y  ( i . e . s uch a s  a rat i n g  s c a l e )  o r  obje c t iv e l y  
( i . e . by •e a•u r i n g  c on t i n uous t r a i t s ) ( Lev i t t , 1 9 7 2 ) . Fo r 
p e r e n nia l p l an t s , Lev i t t  ( 1 9 7 2 ) has conc l ud e d  t hat 
"ar t i f i c i a l f r e e z i n g t r i a l s , g i ve exce l l e n t a g r e e• e n t w i t h 
w i n t e r  s urv i va l  i n  t he f i e l d" .  H i l d reth ( 1 9 2 6 ) foun d a 
c l os e  a g r e em e n t b e tween a r t i f i c i a l freez i n g  t r i a l s  a n d  
Hort i c u l t u r a l  S o c i e t y  hard i n e s s  r a t i n gs o f  app l e s . O f  
part i cu l ar i •p o r t an c e , i s  t h e  s t r o n g  p os i t i ve c o r r e l at i on 
( r = 0 . 82 )  be tween percen t age s u rvi v a l  o f  c o r n  g en6t ypes i n  
0 
a r t i f i cia l  f r e e zin g  t r i a l s  ( -3 . 5  C for s i x hr ) w i t h  t ho s e  i n  
0 
the fie l d  ( �3�5 C )  ( Pe s ev , 1 969 ) . L ev i t t  ( 1 9 5 6 )  h a s  
p ro�o a e d  s t a n d a r d  c o n d i tion s fQr . a r t i f i c i a l  freez i n g  t r i a l s . 
Thes e c o n d i t i on s  i n c l ude : fl) p l an t s  •us t a c t ua l l y  be 
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froz en , n o t  a e r e l y  s up e r co o l e d , { 2 )  freez i n g  aus t b e  a t  a 
s t an d a r d  r a t e , ( 3 )  a s i n g l e  fre e z e  mu s t  be u s e d  f o r  a 
s t an d a r d  l e n g t h  o f  t i• e , ( 4 )  t h aw i n g  mus t be a t  a s t an d ard 
r at e , a n d  {5) c on d i t i on s  after thaw i n g mus t be s t an da r d i z ed . 
To de t e rmi ne the degree o f  freez i n g  d am a g e  H i l d r e t h  
{ 1 9 2 6 ) u s ed a •et hod i n  wh i ch app l e  sho o t s  w e r e  f r o z e n  an d 
t he n  s ubj e c t i v e l y  j ud ged for the e x t en t  o f  i n j u ry .  Ake raan 
( 1 9 2 7 ) dev e l oped t h i s  m e t h o d  fur t he r  by l o ok i ng at f r o s t  
h a r d i n e s s  o f  whe at , g i v i n g  a n u•e r i c a l  rat i n g  f o r  har d i n e s s  
from 1 t o  1 0 . · T o  o v e rcome s ub j e c t i v e • e a s u r em e n t s  t oward
. 
freez i n g  i n j ury Dex t er e t  a l  ( 1 9 3 0 ) des c r i be d  a t e chn i q ue i n  
wh i ch ex osmo s i s  o f  e l ect r o l yt e s  an d o t h e r  s ub s t an c e s  i n t o  
wat e r  was us e d  a a  a aeasur� o f  i n c re a s e d  f r e e z i ng i n j u ry . 
F r e e z i n g  i n j ury aea s u reme n t s  c an a l s o  be a a d e  by obs e r v i n g  
t he pe r c en t age o f  l i v i n g  c e l l a by s t a i n i ng w i t h  n e u t r a l  red 
( S i m i n ov i t ch �n d B r i ggs , 1 95 3 ) . I n  o t he� exp e r i me n t s  t h e  
degree o f  f r e e z i n g  i n j ury has been d e t e rm i n e d  by c o un t i n g  
the n umb e r  o f  d amaged l e av e s  ( A rny e t  a l , 1 9 7 6; L i n dow e t  
a l , 1 97 8 ; L i n dow e t  a l , 1 98 2 ) . D amaged l e av e s  app e a r  
darken e d , wat e r  s oa k e d , a n d  f l acc i d  ( S t ep o n k u s , 1 9 7 8 ) . 
B e c au s e  o f  the f i nd i n gs on freez i n g  r e s i s t an c e  the 
fo l l ow i n g  r e s ea r c h  was p e r fo raed . Th i s  r e s e a r ch i n v o l v ed 
deve l op i n g  a aethod o f  d i re c t l y  s cre e n � n g  c o rn i nbre d  l i nes 
fo r fre e z i n g· r e s i s t an c e , l ook i n g  for a aethod to i nd i re c t ly 
a c re e n  c o rn i nbre d l i n e a  fo r freez i n g  res i s t an c e , an d 
work i n g  w i th t h e  i nh e r i t an c �  o f  f r ee z i n g  r e s i s t an c e . 
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MATE R I ALS AND ME THODS 
F r e e z e  r e s i s t an c e t r i al s  o f  i nb r e d  l i n e s : 
Fo u r  s ep a r a t e t r i a l s  we re run t o  i de n t i fy l ev e l s  o f  
f r ee z i n g  r es i s t a n c e  i n  8 8  d i f fe r e n t c o r n  (��� ���� L . ) 
i nb r e d  l i n e s . In c l u d i ng c o n t r o l l i n e s  i n  t r i a l s  2 t h r o ugh 
4 ,  2 3  or 24 l i n e s  were ev a l ua t e d  i n  each expe r i • en t . L i n e s  
w e r e  g r own i n  t he g r e enhous e fo r 2 0  days b e fo re b e i ng . 
ex p o s e d  t o  fr e ez i n g  c o n d i t i on s . Gr eenhous e l i gh t i n g  ab o v e  
t he b e n ch c on s i s t ed o f  t h ree l O OOW h i gh p re s s u re s o d i um 
b u l b s  a n d / o r  n a t u � a l  s un l i gh t . Un l es s  n a t u r a l  s un l i gh t  was 
g r e at e r  t ha n  or equa l to 14 h r  p e r  day t he l i ght i n g  w i t h i n  
t h e  g r e en�ous e was s e t  t o  a 1 4  h r  l i gh t : l O h r  d a r k  cyc l e . 
W i t h  a f ew e x c e p t i on s , t he t emperat ure w i t h i n  t he g r e e n ho us e 
0 
was m a i n t a i n e d  a t  2 7 ±3 C .  
I n  t h e  f i r s t  4 f r e e z i n g  t r i a l s , c o r n  i nb re d  l i n e s  
w e r e  p l a n t ed , 4 s e eds pe r 1 0 . 2  em p o t , o n  each o f  5 o r  6 
days an d r ep l i c a t e d  2 t im e s  e ac h  d ay . The s o i l u t i l i z e d  f o r  
· t he expe r i ae n t s  w a s  a s an dy- l o am ( 6 1* s an d , 2 1* s i l t , 1 8* 
c l ay ) . E x cep t f o r  the f i rs t expe r i m en t , t h e  s o i l w i t h i n  
e a c h  p o t  a t  t he t i me o f  p l an t i n g  was t reat e d  w i t h  5 0  m l  o f  
2 . 4  m 1  2 5- 5 - e t h oxy- 3 - t r i ch l o rome t by l - 1 , 2 , 4 - t h i o d i a z o 1 e  p e r  
1 . ga l l on w a t e r , t o  c on t ro l  r o o t  r o t t i n g  fung i .  S ev e n  days 
a f t e r  p l an t i n g , p o t s  were t h i nn e d  · t o  2 p l an t s  per p o t  an d 
fe r t i l i ze d  � i th 3 0  a l  o f  2 3 6 . 5  ppm n i t ro ge n  2 0 : 2 0 : 2 0  wat e r  
3 
s o l ub l e f e r t i l i z e r . The fo l l �w i n g  d ay an a dd i t i on a l  5 0  ca 
s o i l w a s  adde d t o  e ach p o t  to a i d  i n  k e ep i ng c o rn s ee d l i n gs 
up r i ght . An ex p e r i me n t a l  un i t  c o n s i s t e d  o f  a n  i n d i v i dua l 
p o t  w i t h e a ch s e ed l i n g  i n  t he p o t  be i n g  a s ubs amp l e . 
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Tw e n t y  d ays a f t e r  p l an t i n g ,  s eed l i ng s  we re mov e d  t o  
a W a r r e n - S h e r e r  g r ow t h  c h amb e r  ( Mode l tC e r  8 1 2 L )  for a 2 2  t o  
2 4  h r  p e r i od . C hamb e r  t empe r a t u re w a s  con t ro l l e d t o  s i mu l a t e  
a p r ob ab l e  f i e l d  t empe r a t u r e  r e g i me wh i ch wou l d  b e  e x p e c t ed 
0 
i n  e a r l y  s p r i n g . The chamb e r t empe r a t u r e  rema i n e d  a t  2 1 ±2 C 
fo r 1 0  c o n s e c u t i v e h r . S e e d l i n gs w e r e  exp o s e d  t o  a t  l e as t 8 
o f  t h e s e 1 0  h r . T h i s  p e r i od was fo l l owed b y  a 4 . 5  t o  5 h r  
0 
de c l i n e i n  t �mp e r a t u r e  t o  �5±0 . 5  C .  The chamb e r  t empe r a t u r e  
0 
reaa i n e d  a t  - 5 ± 0 . 5  C ( me a s ured by • i n -•ax t h e r • ome t e r s ) for 
2 . 5  t o  3 h r  fo l l ow e d  b y  a 6 to  6 . 5 h r  r i s e  in  t eape r a t u r e  
0 
back t o  2 1 ± 2  C .  C h am b e r  l i gh t s  ( t h r e e  l O OW i nc an d e s c e n t  
0 
p l u• four f l uo r e s cen t )  were o n  on l y  dur i n g  t he 2 1  C p e r i od . 
There was n o . at t emp t t o  c on t r o l  t h e  r e l a t i ve h um i d i ty o f  t h e  
g r ow t h  chamb e r  d u r i n g  the t empe r a t u r e c yc l e . The fou r t h  
t r i a l  ( an d  a l l b u t  one fut u r e  t r i a l  an d a l l e xp e r i a en t s ) was 
p e r fo ra e d  in an i den t i c a l  mod e l b ut a d i f f e r e n t c h amb e r from 
the f i r s t  t hr e e  t r i a l s . 
Twe n ty- four hou r s  a f t e r  t ran s fe r  from t h e  g r owt h  
cha•b e r  b a�k t o  t h e  g reenh ous e t he s e ed l i n g s  w e r e  v i s ua l l y 
�at ed f o r  f r ee z i n g  d amage . P l an t s  were r a t e d  i n d i v i dua l l y 
on a 1 t o  3 s c a l e . The rat i n g  s ca l e  c o n s i s t e d  o f: 
( 1 )  n o  d�a�ge t o  the upp e r  l e aves , 
( 2 )  d amage was appa r e n t  o n  t he upper l ea v e s  b ut t he 
s e ed l i n g  was n o t  d e a d , 
l7 
(3) ·the seedling appeared· dead. 
Seedlings were rated a second time 6 �aye late� . 
Each trial was analyzed as a faetoria� �xperiment 
with inbreds, days within replications, days that the exper­
iment was run, and experimental runs within the inbred by 
replication inte raction as sources of variation. Subsampling 
was used as an error term to test all sources o£ variation 
except inbreds and the inbreds by experimental runs inter­
action. Inbreds were tested with the two way interaction 
inbreds by exper imental runs. Inbreds by exper�ental runs 
were tested with experimental runs within the inbred by 
replic�tion interaction. Waller-Duncan k-ratio t-testa were 
used to detect significant differences among mean damage 
ratings of inbred lines for each trial. Since correlations 
between the first and second ratings for each trial were 
high (0.84 to 0.93) only the first ratings were used in the 
analyses. 
Following the comp let i on of the four previous trials 
nine of the most damaged lines and nine of the least damaged 
lines were selected and a freezing trial was run. The 
metp.ods for planting, fungicide treatment, thinning, 
fertilizing, freezing, damage rating, and analysis were_ 
i·dentical t6 the previous trials except for the utilization 
of 3 plantings and 3 replications per day during the 
freezing cyole rather than 5 or 6 plantings and 2 
replications p er day. 
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F r e e z i n g  t r i a l i n  a V o l l r a t h  freez e r: 
Th i s  expe r imen t t e s t e d  t he f r e e z e  r e s i s t an c e  o f  3 o f  
t he •oat d amaged l i n e s  ( W l l 7 ,  W64 A , and C M 1 7 4 ) a n d  t he 3 
l e as t damaged l i n e s  ( B 5 7 , S D 3 6 , and W4 3 8 )  f r om a l l p r e v i ous 
fre e z i n g  t r i a l s . P l an t i n g , fun g i c i de t re at m e n t ,  t h i n n i n g , 
fe r t i l i z i n g , an d damage r a t i n g  w e r e  don e a s  b e fo r e . 
H owe v e r , f r e e z i n g  i n  t h i s  expe r ime n t  i n v o l v e d  •ov i n g  t he 
p l an t s  t o  t he d a rk f o r  1 . 5  h r  fo l l owed b y  f r e e z i n g  i n  a 
V o l l ra t h  wa l k  i n  t yp e  free z e r at m i n imum r e c o rd e d  
t empe r a t u r e s  ( m e a s u r e d  b y  1 0  t h e rmocoup l es ) r an g i n g f r om 
0 
-4 . 5  t o  - 6 . 5  C f o r  a 2 h r  p e r i o d . One r ep l i c at i on w a s  f r o z e n  
a t  a t i me . Resu l t s w e re an a l yz e d as a ran dom i ze d  comp l e t e  
b l ock des i gn w i t h  i nb r eds , r ep l i ca t i on s  a n d  t he i nb r e d� · b y  
r ep l i c a t i on i n t e r a c t i on as s ources o f  v a r i a t i on . S ub s amp l e s  
w e r e  p o o l e d i n t o  a n  e r r o r  t e rm u s e d t o  t e s t  a l l s ou r c e s  o f  
v a r i a t i on except i nb r e ds . I nb reds were t es t e d w i t h t he 
i nb reds b y  r ep l i ca t i on i n t e r act i on . A W a l l e r-Du n can k - r a t i o  
t - t es t was u s e d  t o  d e t e c t  d i ffe r e n c e s  am o n g  •ean damage 
rat i n gs o f  i nb r e d  l i n e s . 
I c e  nuc l ea t i on:  
In  t he f i rs t  r ep l i c at i o n o f  t h e  s e c o n d i nb r e d  l i n e  
fre ez i n g  t r i a l  a t echn i que i n  wh i ch t he t e•pera t ure t ha t  
l ea f  w as h i ng� fre e z e  was u s e d  as a r e l at i ve • e a s u r e  o f  t he 
aaoun t o f  i c e  n uc l e a t i n g  b ac t e r i a  p r e s en t ( A rny , C . D . , P e r�· 
eon a l  C o•mu�i c at i on ,  Un i v e r sit y o f  Wis con s i n , M�d i s on ) .  
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App r o x i aa t e l y ,  a 1 0  em l e a f  t i p f r om t he t h i rd l e a f  o f  e ach 
s ee d l i n g  was s t o r e d  in a s ep a r a t e r es ea l ab l e  p l as t i c  b ag a t  
0 
1 t o  3 C u n t i l  l ea f  was h i n gs w e r e  t o  b e  made . Fo r t h e  l e a f  
was h i n g s , two 7 m m  l e a f  d i s cs w e r e  t aken f r om each l e af 
s amp l e  a n d  i mme r s e d  in 2 . 5  ml  pho s ph a t e buffer ( l mmo l e ) . 
Thes e  was h i n g s  were t he n  s haken f o r  1 hr on a L ab-L i n e  O rb i t  
en v i r on m e n t a l  s h ak e r . A f t e r  s h ak i n g� l ea f  d i s c s  a n d  
phos p ha t e  b u f fe r  w e r e  s epara t ed a n d  e a c h  was h i ng w a s  
0 
i mme r s e d  i n  a - 1 0  C LKB B r omma 2 2 0 9  Mu l t i t emp a l coho l b a t h . 
T emp e r a t u r e s  "t ha t  f r e e z i n g  o f  t h e l e a f  was h i n g o c c u r r ed was 
r e co r d e d  w i t h a C h em t r i x  t h e rm o c oup l e  ( mo d e l D TC ) . L e a f  
was h i n gs �en e ra l ly h a d  n ume r i c a l l y  h i gher f r e e z i n g  v a l ue s  
t h an t h e  b uf f e r  s o l u t i on a l on e  (r e c o r de d  f o r  2 run s on l y ) . 
T emp e r a t ure r e c o r d i n gs w e r e  t han c o r r e l a t e d  w i t h fr e e z e  
damage r a t i n•s f r om t h e  f r e e z i n g  t r i a l . On l y  t ho s e p l an t s  
wh i c h  s h owed · n o  d amage ( r at i n g = l )  i n  e i ther t he f i r s t o r  
s e c o n d  f r e e z e  d amage r a t i n g  a n d  t h o s e p l an t s  wh i ch s howe d  
d e a t h  ( r a t i n g= 3 )  i n  e i t he r  t he f i rs t  o r  t he s e cond f r e e z e  
dam a g e  r a t i n g  w e r e  us e d  f o r  t h e  c o r r e l a t i on .  T h e r e  w e r e  n o  
i n s t an ce s  i n  wh i ch a p l an t  a t  t he s econ d r a t i n g  had e x ac t l y  
oppo s i t e  e f fe c t s  (i . e . de a t h  v e r s u s  n o  damage ) o f  t h e  f i r s t  
r a t i n g  o r  v i c e  v e rs a .  Two a dd i t i o n a l  t empe r a t ure · r e c o rd i ng/ 
f r e e z e d am a g e  r a t i n g  c o r re l at i on s  ·were p e r f o r•ed (us i ng 
o n l y  t h e  1 �n d 3 r a t i n gs ) f o r  t he f i r s t  a n d  s e c o n d  r a t i n g· 
t i • e s  a ep e r at e l y . 
E f fe c t s  o f  w a t e r  s t re s s  o n  freez e res i s t an c e  o f  c o rn 
s ee d l i n g s : 
I n  a l l e x p e r i m e n t s  i n  wh i ch water s t r e s s e d  c o rn 
s e e d l i n gs w e r e  u s e d , aet ho d s  for p l an t i n g , fung i c i de 
t re ataen t , t h i n n i n g , an d fe r t i l i z i n g  were i d e n t i c a l  t o  the 
2 0  
ae t hods f o r  s c r een i ng i nb r ed l i nes fo r fre e z i n g  r e s i s t ance . 
Howev er , t he f r e e z i n g  cyc l e  con s i s t ed o f  9 c on s ecu t i v e  h r  at 
0 
2 1 ±2 C ( r a t h e r  t han 1 0  h r ) , a 5 hr drop i n  t emp e r a t u r e  
0 
( r ather t han 4 . 5  t o  5 h r ) t o  -5±0 . 5  C ( aeas u r e d  b y  m i n -max 
t h e rmome t e r s ) , . 3 t o  3 . 5  h r  ( r athe r  t h an 2 . 5  t o  3 h r ) a t  
0 
-5±0 . 5  c ,  an d a 6 t o  6 . 5 h r  r i s e i n  t empe r a t u r e  ba ck t o  
0 
2 1  c .  The . l i gh t s  i n  t h e  g r ow t h  ch amb er w e r e  o ff d u r i n g  t h e  
f i rs t  1 4  hr o f  t he r e s u l t i n g  1 6  h r  t e•pe r a t ure cy c l e . · For 
exp e r i me n t 1 · t he s ec o n d  r a t i n g  t i me was e l i • i n a t e d . 
The f i r s t  exp e r i m e n t u t i l i z i n g  wat e r  s t r e s s e d an d 
no n s t res s e d  c o rn s e e d l i n g s  c omp ared freeze damage r a t i ngs 
. from t h e  l e as t d am a ge d { B 5 7 ) an d the mos t dam a g e d  ( W l l 7 ) · 
i nb re d  l i n e  f r oa t he f i r s t  freez i n g  t r i a l . Twen t y  p o t s  were 
p l an t ed w i t h B 5 7  and 20 w i t h W l l 7  on each o f  3 d ay s . Twe l v e  
days b e fo r e  t h e  p l an t s  we r e  t o  b e  put i n t o  t he grow t h  
chamb e r  f o r  freez i n g , 5 0� o f  t he p o t s  from e a ch l i n e  w e r e  
wat e r  s t re s s ed .  W a t e r  s t r e s s ed p l an t s  we re wat e r e d  o n  
a l t e r n a t e d ay� ye r s u s  d a i l y  wa t e r i n g  fo r n o n s t re s a ed p l an t s . 
· wa t e r  s t r e s s ed p l an t s , a t  t he t iae_o f  wat e r i ng , w e r e  
gen e r a l l y  w i l t e d . B y  wat e r i ng t h e  s tres s e d  p l an t s  
i •med i a t e l y  be fo r e  p l ac i n g  � n  t he g r ow t h  chamb e r , p l an t s  
were br o u gh t  back t o  a n on s t r e s s e d con d i t i on . 
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R es u l t s  w e r e  ana l yz e d  as a fac t o r i a l  ex p e r i m e n t w i t h  
i nb r e d s , days t h a t  t h e  expe r i men t was run , t h e  c o n d i t i o n  o f  
the p l an t s  ( i . e . s t r e s s e d v e r s us n o ns t r e s s e d ) , a n d  
i n t e r ac t i on s  a s  �ou r c e s  o f  v a r i a t i on . S ub s amp l es w e r e  
poo l e d  i n t o  a c ommon e r r o r  t e rm u s e d  t o  t e s t  t he 
exp e r i m en t a l  run s a n d  a l l exp e r i m en t a l runs i n t e r ac t i on s . 
l n b r e d s  a n d  p l ant c o n d i t i on were t e s t e d  w i t h  t h e  t w o  way 
i n t e r ac t i on s  i nb r e d s  by exp e r i •en t a l  run s and i nb r e d s  b y  
cond i t i o n. r e s p e c t i v e l y .  
B xp e r i m e n ·t 2 :  
I n  the s e c o n d wat e r  s t re s s exp e r imen t ,  s e e d l i ng s _ o f  
t he 3 l e a s t  damaged l i n e s  ( 8 5 7 , W4 3 8 , a n d  S D 3 6 ) a n d  3 o f  t he 
•os t d am ag ed � i n e s  ( W l l 7 ,  W64 A , an d CM 1 7 4 )  f r om p re v i o us 
free z i n g  t r i ats were u s e d . Four po t s  o f· each i nbre d l i n e  
w e r e  p l an t ed on e a c h  o f  4 days . To d e c r e a s e t h e  p r ob ab i l i t y  
that a g r e a t  d e g r e e  o f  memb rane an d/ o r  ce l l  wa l l  chan ge 
occu r r e d  in each p l an t  upon s t re s s i n g , 5 0 � o f  the p l an t s  
from e a c h  l i n e  w e r e  s t r e s s e d fo r 4 8  h r  b e fo re be i n g  put i n t o  
t h e g r ow t h  chamb e r , r a t h e r  t h an s t re s s i n g  o v e r  a 1 2  day 
p e r i od .  Un l i k e  t he p r ev i ous exp e r i•en t , p l an t s  w e � e  n o t  
brough t back t o  a n on a t re s s e d con dit i on be fore be i n g  p u t  
i n t o  t he g r o�t h c h ambe r . An a l ys i s  o f  t he s e  r e s u l t s  was 
ac co• p l i s he d  a s  w i t h the p r e v i ou s  �a t e r  s t r e s s i n g  
expe r i •e n t . · A W a l l e r -Duncan ·k-rat i o  t - t ea t  was u s e d  t o  
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d e t e c t  s i gn i f i c a n t  d i f fe r e n c e s  amo n g  mean d am ag e  r a t i n gs o f  
i nb r e d  l i ne s . 
Expe r i me n t  3 :  
T h i s  exp e r i m e n t was i d en t i c a l  i n  d e s i gn t o  t he 
p rev i ous e xp e r im e n t e x c e p t  t ha t  wa t e r  po t e n t i a l , o s m o t i c  
p o t en t i a l , an d r e l a t i ve w a t e r  con t en t  da t a  w e r e  c o l l e c t ed on 
c o rn i n b r e d  l i n e  s e e d l i n g s . W a f e r  po t e n t i a l s , o s mo t i �  
p o t e n t i a l s , a n d r � l a t i � e  wa t e r  con t en t s  we r e  t ak e n  o n  4 
days , 3 t iae s t h roughout t he free z i n g cyc l e : ( 1 ) l i g h t s on 
and b e f o r e  t he b eg i n n i n g  of the t emp e r a t u r e  d r op , an d ( 2 )  
two s ep a r a t e  t imes d u r i ng t he tempe rat ure d r o p  ( ( a )  
0 0 
t eap e r a t u r e - 1 5  t o  6 C ,  an d ( b ) t eap e r a t u r e - 1  t o  -5 C ) � and 
o n  2 dup l i c a t e s per d a t a  co l l e c t i on t i •e per i nb r e d  l i n e  per 
p l an t  c o n d i t i on . 
Wat e r · p o t en t i a l s  were •eas u r ed on o n e  s ee d l i n g  i n  
each p o t  b y  t ak i n g  a 10 e m  l ea f  s a•p l e  from t h e  d i s t a l  o n e -
h a l f  o f  t h e fou r t h  l e a f . The l e af s a•p l e  h a d  2 c u t  e d g e s . 
The d i s t a l  e n d  o f  t h e l e a f  s amp l e  was co v e r e d  w i t h  2 
• o i s t en e d  p i e c e s  o f  c a r db oa r d  an d t h e  prox i m a l  e n d w a s  
t r immed t o  f i t  i n t o  t he s l i t o f  a S o i l  Mo i s t u r e . K q u i pm e n t  
C or p o r a t i on p r e s s u r e  b o•b . A f t e r  moun t i n g  t h e  h e ad o f  t h e  
p r e s s u re b omb , t he p r e s s u re w a s  ra i s e d  s l ow l y . un t i l  a 
d r op l e t  o f  wat e r  app e a r e d  a t  t h e p r o x i•a l e n d  · O f  t h e  l e af 
s amp l e . · The p r e s s u re a t  t h i s  po i n t  was r e c o r de d  as t he l e af 
wat e r  p o t e n t i a l . 
O s m o t i c  po t e n t i a l  r e a d i ng s  we re t ak e n  f r om t he 
p rox i m a l h a l f  o f  t h e  s ame l e a f  t h a t  wat e r  p o t en t i a l s  w e r e  
t ak e n f r om . F o r  e ach osmot i c  po t e n t i a l  r e a d i n g , a l eaf 
s amp l e  ( u n d e t e rm i n e d s i z e ) was p u t  i n t o  a 7 to 1 0  em p i e c e  
o f  0 . 95 em v i n y l  t ub i n g , c o r k e d  a t  e a c h  e n d  w i t h n o . 0 
c o r k s , an d f r o z en i n  dry i c e . A f t e r  freez i n g  t h e  s amp l es 
0 
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were s t o r e d  a t  - 1 5  t o  - 2 0  C unt i l  o smot i c  p o t en t i a l  r e a d i n gs 
c ou l d  be t ak e n . O s mot i c  p o t e n t i a l  read i n gs o f  t hawe d  l e af 
t i s s u e  s amp l e s w e r e  t ak en w i t h a We s c o r  dew p o i n t  m i c ro-
v o l tm e t e r  ( m o d e l HR-3 3 T ) and a ps ychome t r i c  s amp l e  chamb e�. 
( mo d e l . C - 5 2 ) . Leaf s ap was expr es s ed on t o  a 7 mm d i am e t e r  
p i e c e  o f  # 3  f i l t e r  paper by app l y i n g pres s u r e  o n t o  t he v i n y l  
t ub i n g . The f i l t e r  paper was t h en p u t  i n t o  t h e  C - 5 2 ch amb e r  
o f  t h e  d ew p o i n t  • i c r ovo l t me t e r , wh i ch w a s  p e r i o d i c a l l y  
a dj us t e d  t o  c o r r e c t  for t he rm a l  f l ow i n t o  t he c h amb e r , a n d  
e qu i l ibr a t e d f o r  2 m i n . Aft e r  the 2 • i n  p e r i o d , t he s amp l e  
was c o o l e d f o r  1 5  s e c and t h e  dew p o i n t  was r e c o r d e d  wh en 
t he v a l ue s  r e ached a p l at e au . The osm o t i c  p o t en t i a l  was 
t hen de t erm i n ed from a s t an d ard NaC l curve an d ,  due t o  
apop l as t i c  w a t e r  d i l ut i on �  was adj us t e d  t o  a m o r e  n e gat i v e 
v a l ue b y  1 0 % ( We i n ke r t , 1 98 0 ) . 
T u r g o r  p o t e n t i a l s  were then ca l cu l a t e d  by t he 
f�rmu l a  t ur g o r  p o t en t i a l = wa t e r  p o t en t i al - o s mo t i c  p o t en t i a l . 
Os•ot i c  p o t e n t i a l a t  fu l l  t u rgor ( os •o t i c  a d j u s t•en t ) was 
c a l cu l a t ed by t he fo rmu l a  o s m o t i c  p o t en t i a l  ( fu l l 
t urgo r ) = os • o t i c  p o t en t i a l  · x . ( re l a t i v e  wat e r  c on t en t / 1 0 0 ) .  
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R e l a t i ve wat e r  c o n t en t s  w e r e  t ak e n  f r o •  t he s e cond 
p l an t  in  each pot by obt a i n i n g  a leaf s amp l e  f r om t h e  d i s t a l 
e n d  o f  t he fo u r t h  l e a f . T he l e a f  s aap l e  was w e i ghed ( fr e s h  
we i gh t ) ,  s t or e d  i n  d i s t i l l ed wat e r  f o r  4 h r  i n  t h e  d a r k , 
0 
we i ghed a s e c o n d  t i me ( t u rg i d  we i ght ) ,  o v e n  d ry e d  a t  6 0  C 
for 4 8  h r , an d r ewe i ghed ( dry we i gh t ) .  The r e l a t i v e  wat e r  
co n t ent o f  e ach l ea f  s amp l e  w a s  t han c a l c u l a t ed by : RWC = ( l -
( t ur g i d  we i gh t - f r e s h we i gh t ) / ( t u r g i d  we i gh t - d r y  w e i gh t ) ]  x 
1 0 0 . 
An a l ys e s o·f t h e  r e s u l t s  i n v o l ved fa c t o r i a l  
expe r imen t s  w i t h  i n b r e d s , days t ha t  the expe r im e n t was run , 
t i me o f  t he t emp e ra t u re cyc l e  i n  wh i ch read i n g s  w e r e  
recorde d , t he c on d i t i o n o f  t he p l an t  ( i . e . s t re s s ed v e r�us · 
n o n s t re s s e d} , a n d  i n t e ra c t i on s  as s ources o f  v a r i a t i on . 
S ub s amp l e s  w e r e  p o o l e d i n t o  an e r r o r  t e rm u s e d  t o  t e s t 
expe r i m e n t a l  run s and a l l exper imen t a l run s i n t e r a c t i on s . 
I nb r e ds , t i me , a n d  p l an t  c o n d i t i o n  were t e s t ed w i t h t he 
i nbr eds by expe r i m en t a l  runs , t i me by expe r i m e n t a l  run s , an d 
c on d i t i on by e x p e r imen t a l  run s i n t e r ac t i on s , r e s p e c t i v e l y .  
E xp e r i me n t 4 :  
The f ou r t h  e xp e r i •en t i nv o l v i n g  w a t e r  s t r e s s e d  c o rn 
s ee d l i n g s  a g a i n · u t i l i z ed on l y  t he l e as t d amage d l i n e  ( 8 5 7 ) 
and t he • o s t ' d amaged l i n e  ( Wl l 7 ) . f r om the f i r s t  f r e e z i n g  
t r i a l � I n  t he four t h  ex p e r i men t 1 6  p o t s  o f  e a c h  l i n e  were 
p l an t ed o n  each of 6 days . ' The s t r e s s ed con d i t i on s  f o r  the 
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expe r i •en t i n c l ud e d : ( 1 ) n o n s t re s s e d  ( wat e r e d  d a i l y ) , ( 2 ) . 
s t re s s e d f o r  1 2  days ( w a t e re d  every o t h e r  d ay ) an d b r ought 
b ack to a n on s t r e s s e d  c o n d i t i on b e fo r e b e i n g p u t  i n t o  t he 
grow t h  c h amb e r , ( 3 )  s t r e s s e d f o r  4 8  h r  and b r ough t  b a ck t o  a 
n on s t res s e d c o n d i t i o n  b e fore b e i n g put i n t o  t h e  g row t h  
chamb e r , a n d  ( 4 )  s t re s s ed f o r  4 8  h r  an d n o t  b r ought b a ck t o  
a n o n s t r e s s e d c o n d i t i o n b e f o r e  b e i n g  put i n t o  t h e  g r ow t h  
chamb e r . Aga i n , wat e r  s t r e s s e d p l an t s  we r e  gen e r a l l y  w i l t ed 
at t he t i me o f _ w at e r i n g . 
A n a l ys i s  o f  r es u l t s  i nv o l v e d  a fact o r i a l e x p e r i men t 
w i t h  i nb r e ds , d ays t he expe r i men t was run , t he s t r es s ed 
con d i t i on o f  t h e  p l an t s , an d i n t e r a c t i on s  a s  s ou r c e s  o f  
var i at i on . S ub s amp l e s were p o o l ed i n t o  an e r ro r  t e r• us e d  
t o  t e s t  a l l  s ou r ce s  o f  v ar i a t i on e x c e p t  i nb r eds . l nb r e d s  
were t e s t e d w i t h  t h e  i nb r e ds b y  e x p e r i•en t a l  r u n s  
i n t e r a c t i on s . 
I nh e r i t an c e  o f  f r e e z e  r e s i s t an c e  i n  � popu l a t i on s  o f  
r e s i s t an t  x s us c ept i b l e  ( o r r e c i p r o c a l )  c ro s s e s : 
T h e  F p o pu l at i on s  t e s t ed i n  t h es e t r i a l s  w e r e  8 5 7  
. 2 
x B l 4A , B 3 7  x 8 5 7 , W4 3 8  x CM1 74 , W4 3 8  � CM1 0 9 , a n d  S D 2 3 · x 
W64A .  A l l o f  t he s e  F popu l at i o n s  w e r e  o f  t h e  f r ee z e  
2 
r e s i s t an t  x f r e e z e s u s cep t ib l e  o r  fre e z e  s u s c ep t i b l e  x 
fre e z e  r e s i s t �n t  c a t ego r y . The F p o p u l a t i on s  B 5 7  x B l 4 A  and 
2 
' 8 3 7  x 8 5 7  w e r e  ob t a i ne d  f rom t he N o r t hern G r a i n I n s e c t  
Re s ea rc h  L ab� r a t o r y  i n  B ro o k i�gs , S o u t h  D ak o t a .  · The o t h e r  
· t hree F p o pu l a t i on s  were •ade i n  t h e  g r e e nh ous e a t  S ou t h  
2 
· D ak o t a  S t a t e  Un i ve r s i t y b y  s e l f i n g  s i n g l e  c r o s s e s . 
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Twe l v e  o r  2 4  po t s  c on t a i n i ng o n e  s ee d  o f  e a c h  o f  t he 
t wo p aren t s  a n d  o n e  s ee d  o f  t he F w e re p l an t ed o n  e ach o f  7 
2 
o r  8 days . P l an t i n g , fun g i c i de t rea tmen t , f e r t i l i z i n g , and 
free z i n g were done as w i t h  t he wat e r  s t res s i n g  e x p e r i men t s . 
H owev e r , a t  t i• e s , g r eenhous e l i gh t i n g  was t ur n e d  o n  du r i ng 
t he day e v e n  when t he n a t ura l day l i ght p e r i o d  was e q u a l t o  
o r  exceeded 1 4  h r . G rowt h  chamb e r  t emper a t u re s  f o r  t h e s e  
t r i a l s  we r e  fo l l ow e d  w i t h  9 t he rmocoup l e s p l ac e d  i n  v a r i ous 
p l aces of t he c o rn c a n opy . The s o i l used f o r  t h i s  
expe r i •en t  was fr�m a d i ffe r e n t  s ou r c e  b ut was a l s o  
c l as s i f i e d a s  a s an dy- l o am ( 6 3� s an d , 1 7� s i l t , an d 1 9' 
c l ay ) .  
I n  t hes e t r i a l s , s i n ce p o t s  c on t a i n e d  o n e s e e d  o f  
e ach o f  t h e t w o  p a r en t s , p e r c e n t age damage a t  p o t  l o c a t i on s  
cou l d  b e  t e s t e d w i t h  a n  an a l ys i s  o f  var i an c e . The s e  
an a l ys es c on t a i ne d  l oc a t i o n s , i nb reds ( u s e d  o n l y  t h e 
paren t s ) ,  expe r im en t a l  run s , an d a l l  i n t e r a c t i on s  as s o urces 
o f  v a r i a t i o n .  The two way i n t e rac t i on s  a n d  ex p e r i m e n t a l  
run s were t es t e d  w i t h t h e  t h r e e  way i n t e r ac t i on , i nb r e d s  
. were t es t ed w i t h  t he i nb r e ds b y  exp e r imen t a l  r u n s  
i n t e r a c t i on ,  a n d  l oc a t i on s  were t e s t ed w i th the l o c a t i on s  b y  
expe r i e•n t a l  r u n s · i n t e r act i on . Th�r e  was n o  e r r o r  t e rm t o  
t e a t  t he t h ree way i n t e r a c t i on .  
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B y  c a l cu l a t i n g  t he v ar i an ce s  fo r t h e  p a r e n t a l  l i n e s  
a n d  av e r g i n g ,  a n d  c a l c u l a t i n g  t h e  F var i an c e , b ro a d  s en s e  
2 
her i t ab i l i t y  cou l d  b e  d e t e r• i n e d  b y  ( F  -P ) / F 
2 v a r  v a r  2 v a r  
P e r ce n t age daaage w a s  u s e d  t o  c l as s i fy p l an t s  i n t o  
res i s t an t  o r  s us c ep t i b l e  c a t e g o r i e s . F r om f r e q u e n c y  graphs , 
p l an t s  w i t h � 6 0 �  d am a ge w e r e  d e t e rm i n ed a s  r es i s t an t . F o r  
a p l an t  t o  b e  c on s i de r e d  r e s i s t an t , b o t h  t h e  f i r s t  a n d  
s ec o n d  p e r c en t ag e  rat i ngs h a d  t o  b e  � 6 0 � . Ut i l i z i n g  on l y  
t h o s e  p o t s i n  wh i ch t he p a r en t s  • an i fe s t e d p re d i c t ed d amage 
o r  wh e r e  the F · act e d  as a t r an s g r e s s i v e  s e greg a t e , 
2 
s e grega t i on r at i os were t e s t e d  b y  C h i - S quare ana l ys e s . 
RB S U L T S  AND D I S C US S ION 
F r e e z e  r e s i s t an c e  t r i a l s  of i nb red l i n es : 
O f  a l l  t he s ou r c e s  o f  v a r i at i on i n  t he a n a l ys i s  
o f  t r i a l  1 ,  o n l y  t he exper i men t a l  runs an d t h e  i nb r e d s  b y  
exp e r i•en t a l  runs e f fec t s  were n on s i gn i f i ca n t  ( Tab l e  1 ) . 
Tab l e 1 .  An a l ys i s  o f  v a r i an c e  for freez i n g  d am a g e  d a t a on 
corn i nb r e d  l i n e s e ed l i n g s - t r i a l  1 .  
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- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -S o u rce d f  • e an s quares 
-------�;�II�;ii��;7i;�;�--------------�-------------�:�iii 
I n b r e ds· 2 2  2 . 9 9 * *  
Runs 4 0 .  0 5  
I n b r e d s  x Run s 8 8  0 . 64 
I nb r e d s  x R ep l i c a t i o n s ( Runs ) 1 1 0  0 . 6 7 * *  
B r r� r  2 3 0  0 . 4 6 
ii-�ii�i�I�;� i-;i-i�;-�:�i-i;;;i-��-����;� iiii�: ------�----
The a e.an f r ee z i n g d amage r a t i ngs i n  t r i a l  1 r an g e d  
1 . 45 ( B 5 7 ) t o  2 . 7 0 ( W l l 7 ) ( T ab l e  2 ) . T h e  Wa l l e r- D u n can mean 
s ep e r a t i o n t e chn i que s howe d  t h at t he f i v e  l e a s t d amaged 
l i n e s , B 5 7 , CM3 7 , S D 3 6 , LH 3 9 , an d W l 82B had aean d amage 
rat i n g s  t ha t  w e r e  n o t  s t a t i s t i ca l l y  d i f fere n t . Two o f  t hes e 
l i n e s  ( B 5 7  a n d  CM 3 7 ) w e r e  s t a t i s t i c a l l y  d i ff e r e n t  f r om l i n es 
w i t h  aean d aaage v a l ue s  g r e a t e r  t han o r  e qu a l  t o  t he • e an 
v a l ue f o r  A 6 1 9 .  F r om t h i s  �ange i n  t he fr e e z e  dam�ge r a t i n g
. 
•eans an d from t he s t a t i s t i c a l  s eperat i on o f  t he • e a n s  i t  
c an . b e  c o n c l uded t ha t  g e n e t i c  var i a t i on ex i s t s  a•o n g  c o rn 
i nb r e d  l i n e s  for fre e z i n g  r e s i s t �n c e . 
T ab l e  2 .  Mean fre e z i n g  damage rat i n gs o f  c o rn
.
i nb red l i n e  
s e e d l i n gs - t r i a l  1 .  
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- - - - - - - - - - - - -
-
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Mean 
I nb r e d  Rat i n g  
- - - - - - - - - - -
-
- - - - - - - - - - - - - - - - - - - -
-
- - - - - - - - - - - - - - - - - - - - - - - - - -W l l 7 2 . 7 0 A 
CM V 3  2 . 7 0 A 
W64A 2 . 7 0 A 
W F 9  2 . 65 B A 
8 8 7  2 . 65 B A 
S D 3 8  2 . 5 5 B A c 
ND 3 0 9  2 . 5 0 B A c 
OH4 3 2 . 45 B D A c 
W l 5 3 R  2 . 45 8 D A c 
S D 3 7  2 . 45 B D A c 
S D p 0 0 4  2 . 4 0 8 D A c 
8 7 3  2 . 2 5 E B D A c 
A 5 5 6  2 . 2 5 E B D A c 
H 9 9  2 . 2 0 E B D A c 
C0 2 6 1  2 . 2 0 E 8 D A c 
LH3 8 2 . 1 5 E B D c 
M0 1 7  2 . 0 5 E D F c 
A 6 1 9  2 . 0 5 E D F c 
W l 8 2 E  1 . 9 5 E G D F 
S D 3 6  1 . 7 5 E G F 
LH3
.
9 1 . 6 0 G F 
CM3 7 1 . 5 0 G 
8 5 7  1 . 45 G 
ii-M;&ni-ro11o;;d-by-th;- ;;;;-I;tt;r-&re�not-iiin i ii�&nt1 y 
d i f f e re n t  a t  t he 0 . 0 5 l ev e l  o f  prob ab i l i t y . 
T h e  o t he r  t r i a l s  i n  t h i s  f i rs t  expe r i aen t we r e  b as e d  
o n  t h e  f i n d i n g  f r om t r i a l  1 t h a t  gen e t i c  v a r i at i on ex i s t s  
a•o n g  c o rn i nb r e d  l i n e s  fo r free z i n g  res i s t an c e . I n  t he s e  
o t he r  t r i a l s , 8 5 7  and W l l 7  were u s e d  for f r e e z i n g  r e s i s t an t  
an d freez i n g s us c ep t i b l e  c on t ro l  l i n e s , r e s p ec t i ve l y . 
A s i gn i f i ca n t  i nb red l i n e  e ffect , exper i.en t a l  run s 
. effec t , a n d  e xp e r i•en t a l  runs w i t h i n  i nb r e d s  b y  r ep l i ca t i on s  
i n t e r a c t i on e ff e c t  ( P < O . O l )  .were ob·s e rved i n  a l l  . 3 t r i a l s  
( Tab l e  3 -5 ) . A s i gn i f i c an t exper i me n t a l  run s w i t h i n  
rep l i c at i on s  e f fe c t  was ob s e �v ed i n  t r i a l  3 ( P < O . O l ) . 
Mean damage r a t i ng s  r anged from 1 . 3 8 ( B 5 7 ) t o  2 . 88 
( W l l 7 ) , 1 . 2 9 ( B 5 7 ) t o  2 . 7 5 ( A 3 4 ) , and 1 . 85 ( B5 7 ) t o  2 . 95 
( S D p 3 0 9 )  fo r t r i a l  2 ,  t r i a l  3 ,  an d t r i a l  4 ,  r e s p e c t i v e l y" 
3 0  
( T ab l e  6- 8 ) . Th e s e  r e s u l t s  s h ow t h a t  add i t i on a l  c o rn i nb r ed 
l i n e s  may be c o n s i de re d  freez i n g  r e s i s t a n t  ( e . g . S D 2 3 , 
W l 8 2 B , a n d  W4 3 8 ) . 
Tab l e  3 .  An a l y s i s  o f  v a r i an c e  fo r freez i n g  d am a g e  d a t a  on · 
c o r n  i n b r e d  l i n e  s ee d l i ng s - t r i a l  2 .  
--sour��----- --------------------df---------- ---�;8-aquare& 
---R;piic&tion&(iu�&> _ _ _ _ _ _ _ _ _ _ _ _ _ _ s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
_ o:so _ _ _ 
I n b re d s  2 3  2 . 3 7 * *  
Run s 5 1 .  3 4 * *  
I n b r e d s  x Run s 1 1 5 0 . 5 9 
I nb r e ds x R ep l i c a t i o n s ( Ru n s ) 1 3 8 0 . 6 8 * *  
E rr or 2 88 0 .  44 
**-si g� iri�;�i �;i- the -o�o1-Ie;e 1&-�r-p��b;bi1 i iy�- -- -- -----
Tab l e  4 .  An a l ys i s  o f  v a r i a n c e  fo r free z i n g d amage d a t a  on 
corn i nb red l i n e  s e ed l i ng s - t r i a l  3 .  
s�u��e- -----------------------dr-----------;e;n -sq�;r;; --- -
iep1i�;ii�n&(iun&) _ _ _ _ _ _ _ _ _ _ _ _ _  s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2 �7a* *  _ _ _ _ _ _ 
I nb r eds 23  2 .. 9 9 * *  
Run s 5 3 .  5 4 * *  
I nb reds x Runs 1 1 5 0 . 6 0 
I nb reds x R e p l i ca t i o n s ( Ru n s ) 1 3 8  0 . 6 8 * *  
E r ro r  2 8 8  . 0 .  3 2  
**-siini!ic&nt-&t- the-o:oi- Ievei-�t�probabiiity:�- - - --------
Tab l e  5 .  A n a l ys i s  o f  var i ance fo r freez i ng da•ag e  dat a on 
· corn i nb re d  l i n e  s e ed l i n gs - t r i a l  4 .  
S o urce d f  • e an s qu a r e s  
3 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Repl i c a t i on s ( Run s )  5 0 . 3 2 
I n b reds 2 2  1 .  8 2 * *  
Run s  4 1 .  4 4 * *  
l nb re d s  x Runs 88 0 . 5 5 
I nb r eds x Rep l i c a t i on s ( Runs ) 1 1 0 0 . 4 6 * *  
E r ror 2 3 0  0 .  2 5  
- - ----- - - - - - - - - - - - - - - - - - - - - -- - - - - - ----- - - - - - - - - - - - -- - - - - - - -* *  S i gn i f i ca n t  a t  t he 0 . 0 1 l e ve l o f  prob ab i l i t y .  · 
T ab l e  6 .  Mean f r e ez i n g  d amage r a t i n gs o f  c o rn i nb r e d  l i n e  
s ee d l i n g s - t r i a l  2 .  
- ---------------- -�----------------- -----------------------
I nb r e d  
Mean 
Rat i n g  
---------- --wi 1 7 - ------2�aa-----------A-------- ------ �-----
s n aA 2 . 7 5 B A 
S D 1 8  2 . 6 7 B A C 
S D4 8  2 . 6 3 B A C 
S D 5  2 . 5 8 B D A C 
S D 2 1 2 . 5 4 B D A C 
S D 2  2 . 5 0 B D A C 
S D 9  2 . 5 0 B D A . c 
S D 6  2 . 4 6 B D A C 
S D 2 9  2 . 4 2 B D · B C 
S D 3 0  2 . 4 2 B D B C 
S D 1 7  2 . 3 8 F B D B C 
S D l O  2 . 3 8 F B D B C 
S D 2 6  2 . 3 3 F B D E C G 
S D 4 2 . 3 3 F B D E C G 
S D 2 0  2 . 2 9 F D B C G 
S D 7  2 . 2 5 F D E C G 
S D 3 0  2 . 2 5 F D E C G 
S D 3 3  2 . 1 7 F D E G 
S D 2 4  2 . 1 7 . F D E G 
S D 2 5  2 . 0 0 F R G 
S D 2 8  1 . 96 F G 
S D 2 3  1 . 92 G 
8 5 7 . 1 . 3 8 H 
· · **-M;&n;-!�ii�;;d-by-th;�;;;;-I;tter-&r;-n�t-;Iiniti�&ntiy  
d i f fe r en t a t  t he 0 . 0 5 l ev e l  o f  pr�b ab i l i t y .  
3 2  
Tab l e  7 .  Mean f r ee z i ng d amage r a t i n gs o f  c o r n  i nb re d  l i n e  
s e ed l i n g s - t r i a l 3 .  
- - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Mean 
I n b r e d  Ra t i n g  
- - - - - - - - - - - - - - - - - - - - - - - - -
-
- - - - - - - - - - - - - -
-
- - - - - - - - - - - - - - - - - -A 3 4  2 . 7 5 A 
W 1 1 7  2 . 6 3 B A 
A 6 4  2 . 5 4 B A c 
W 3 7 5 R 2  2 . 5 0 B D A c 
A 1 8 8 2 . 5 0 B D A c 
W4 0 6  2 . 4 6 B D A c 
A664 2 . 4 2 B D A c 
A665 2 . 3 8 B B D A c 
W 3 7 A  2 . 3 3 E B D A c F 
W3 0 2 . 2 9 B B D G c F 
A6 3 8  2 . 2 5 E B D G H c F 
A 6 3 6  2 . 2 5 E B -- D G H c F 
W2 0 2  2 . 2 5 B B D G H c F 
W5 9 E  2 . 1 3 E I D G H c F 
W8A 2 . 0 8 E I D G H F 
A 6 3 5  1 . 96 E I G H .J F 
A5 5 4  1 . 96 E I G H .J F 
W4 5 2  1 . 9 6 E I G H J F 
W845 1 . 92 I G H J F 
A5 0 9  1 . 8 8 I G H J 
W45 4  1 . 83 I H J 
W4 3 8  1 . 7 9 I J 
w 1 a 2 B  1 . 54 K J 
B 5 7  1 . 2 9 K 
**-M�;n;-r�I I�;�d-by-th�-;;;�-I�tt�r-&��-n�i -& iani ri �&ntiy 
d i ffe r e n t  a t  t h e 0 . 0 5 l e v e l o f  p r ob ab i l i t y .  
Tab l e  8 .  Mean f r e e z i n g d amage rat i n gs o f  c o rn i nb r ed l i n e  
a e ed l i o g s - t r i a l 4 .  
3 3  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Mean -'\ 
I nb reds R a t i n g  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -S D p 3 0 9  2 . 95 A 
C M 1 0 9  2 . 90 8 A 
CM 1 6 9 2 . 9 0 8 A 
C M 1 7 4  2 . 9 0 8 A 
S D p 3 1 1  2 . 85 B A 
8 3 7  2 . 85 B A 
W l l 7  2 . 80 B A c 
8 8 5 2 . 7 5 B A c 
S D p 3 1 0  '2 .  7 5  B A c 
ND 4 0 8  2 . 7 0 8 D A c 
B l 4 A  2 . 65 B D A c 
N l 3 8  2 . 5 5 8 D A c 
B 6 9  2 . 5 5 B D A c 
H l O O  2 . 5 5 B D A c 
VA2 6 2 . 45 E B D A c 
8 7 9  2 . 45 E 8 D A c 
B 84 2 . 4 0 E B D c 
0845 2 . 4 0 E B D c 
8 4 5  2 . 4 0 . E B D c 
C M 1 5 5  2 . 3 0 E D F c 
B 7 8  2 . 2 0 E D F 
H95 1 . 95 E F 
B 5 7  1 . 85 F 
**-M;;�;-r�rr�;;d-by- the-;;m;-r;iie�-;�;-��i-;i«�i ric��tiy 
d i f fe r e n t  at t he 0 . 0 5 l e ve l of p rob ab i l i t y .  
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An a l ys i s  of t he da t a  in wh i ch 9 l i n e s  w i t h  •e an 
damage r a t i n g s  exh i b i t i n g  res i s t an c e  and 9 w i t h m e an damage 
rat i n gs ex h i b i t i n g  s u s cept ib i l i t y  s how t ha t  expe r i m e n t a l  
ru n s  i s  t h e  on l y  s o u r c e  o f  va r i a t i on t hat i s  n o n s i gn i f i c a n t  
( T ab l e  9 ) . M e a n  f r e e z e  damage rat i n gs r a n g e d  from 1 . 7 2 
( B 5 7 ) t o  3 . 0 0 ( W64 A ) . F rom the W a l l e r-Dun c an m e an s eparat i on 
• e t h o d  ( Tab l e  1 0 )  o n e  i s  un ab l e  t o  s how s i gn i f i c a n t  
d i f fe r e n c e s  b et w e e n  a l l  s u s p e c t e d  r e s i s t an t  an d a l l 
s us p e c t e d  s us ce p t i b l e  l i nes . Howeve r ,  out  o f  t he n i n e  l i n e s  
wh i c h were e x pe c t e d  t o  b e  r e s i s t an t , s ev e n  ( B 5 7 , W4 3 8 , S D 3 6 . 
S D 2 3 , H95 , W l 82 E  and LH3 9 )  were n u•e r i c a l l y  l e s s  damaged 
t han a l l  of t he l i n e s  wh i ch were e x p e c t e d  to be s us c e p t i b l e .  
W l 8 2 B  and C M 3 7 w e r e  n u•e r i ca l l y equa l t o  S D BA and W l l 7 , 
res p e c t i v e l y ,  t he t w o  l owe s t  rat e d  s us c e p t i b l e  l i n e s . ·The 6 
l owes t r a t e d  l i n e s  w e r e  n umer i c a l l y  l e s s  d amaged t han t he 5 
h i ghe s t  r a t e d  l i n e s  for a l l expe r i ae n t a l  runs an d t h e  4 
l owes t rat e d  l i n es w e r e  s i gn i f i can t l y  l e s s  d aaaged t han t h e 
4 h i ghes t r a t e d  l i n e s . 
Tab l e  9 .  An a l ys i s  o f  v a r i an c e  for f r ee z i n g  damage d a t a on 
c o r n  i nb re d  l i n e  s e ed l i n g s - t r i a l  5 .  
sour�;------------------------dr--------------;;;n-squ&r;;-
&;p1i�&tiona(Run&) _ _ _ _ _
_ _ _ _ _ _ _ _ s _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2�ooii _ _ _ _ 
I nb r e ds 1 7  2 . 8 0 * * 
Run s  2 0 . 0 0 
Inb re d s  x Runs 3 4  · o . 8 2 *  
Inb red s x Rep l i ca t i on s ( Runs ) 1 0 2  0 . 5 1 * * 
· B r ro r  1 6 2  0 . 3 2 
*�**-siini ric;ni-&t-the-o�os-&nd-o�o1�1eve1-or-probab i1ity� 
r e s p e c t i v e l y .  
3 5  
Tab l e  1 0 . M e an f r ee z i n g  d am age r a t i n gs o f  c o rn i nb r e d  l i n e  
s e e d l i n gs - t r i a l  5 .  
I nb r e d s  
W64A . 
A34 
C M 1 7 4  
SDp3 0 9  
CM 1 0 9  
W F 9  
CM 1 6 9 
CM3 7 
W l l 7  
S D BA 
W 1 8 2 B  
W l 8 2 E  
S D 2 3  
B95 
S D 3 6  
LH39 
W4 3 8  
8 5 7  
Mean 














3 . 0 0 
2 . 94 
2 . 8 9 
2 . 8 3 
2 . 7 2 
2 . 5 0 
2 . 44 
2 . 44 
2 . 44 
2 . 2 2 
2 . 2 2 
2 . 1 7 
2 . 1 1  
2 . 0 6 
2 . 0 0 
1 . 94 
1 . 8 3 








































- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
* *  M e a n s  f o l l owed b y  t h e s ame l e t t e r  a r e  n o t  s i gn i f i c ant l y  
d i ffe r e n t  a t  t he 0 . 0 5 l eve l o f  p r ob ab i l i t y .  
3 6  
Freez i n g  t r i � l  i n  a V o l l r a t h  fr eez e r : 
A l l s ou r c e s  o f  v a r i at i on i n  t h e  an a l ys i s  o f  t h e  
expe r im e n t  i nv o l v i ng freez i n g  c o r n  i nb r e d  l i n e s  i n  a V o l l ­
rath f r e e z e r  w e r e  s i gn i f i can t ( Tab l e 1 1 ) . T ab l e  1 2  s h ows 
the •ean h i gh an d l ow t emp e r a t ure s , as  r e c o r d e d  b y  1 0  t he r ­
•ocoup l e s , a l on g  w i t h t he s t an da r d  e r r o r s  f o r  e ach e x p e r i ­
men t a l  r un . S i n c e  t he d i ffe rences be tween t he h i gh a n d  l ow 
t emp e r a t u r e s  a r e  r e l at i v e l y  l arge , an d s i n c e  t h e s e  r e a d i n gs 
we re t ak e n  o n l y  o n c e  e v e ry 3 0  m i n , one c an n o t  b e  s u r e o f  t he 
ac t u a l  l ow t emp e r a t ur e  v a l u e fo r e ach expe r i men t a l  run , a n d  
t hus c an n o t b e  s u re i f  d i fferences i n  l ow t emp e r a t u r e s  
re s u l t e d i n  t he e x p e r i m en t a l run s s ou r c e  o f  v a r i a t i on .  B y  
ob s e rv i n g  t he s t an d a r d  e r rors , i t  c an b e  s e e n , howeve r ,  t hat 
the t emp e r a t u r e s  w i t h i n  t h e  ehamb e r  t e s t i n g  area d i d  v a ry . 
As c an b e  s e e n  i n  App e n d i x  2 t hes e f r e ez e. d amage r a n k i n gs 
over run s f l u c t u at e a g r e a t  deal . O v e r a l l m e an f r e e z i n g  
.damage rat i n g s  ran ged from 1 . 7 8 t o  2 . 4 7 ( T ab l e  1 3 ) . 8 5 7 � a 
l i n e  p r o v e n  r e s i s t an t  i n  p r e v i ous t r i a l s , s t i l l  app e a r e d  at 
t he r e s i s t an t  e n d  o f  t he rank i n gs . Howev e r ,  t h e o t he r  f i v e  
l i n e s  i n  t h e e xp e r i me n t  h a d  m�an d amage r a t i n gs �h i ch were 
not  s t a t i s t i c a l l y d i fferen t . · For t he s e o t h e r  five l i n e s , -
· t h� m e an d amage r a t i n gs had a v e ry �arrow r an g �  ( 2 . 1 4  f o r  
S D 3 6  t o  2 . 4 7 fo r W64A ) . S D 3 6 , an exp e c t e d  res i s t an t  l i ne ,  
was a t  t he l ow e r  e n d  o f  t h e s e ran k i n g s  and w a s  n o t  s t a t i � t i ­
c a l l y  d i f fe re n t fro• 8 5 7 . Add i t i on a l - expe r i men t a l  r u n s  may 
b e  n e e de d  to s ep e r a t e  out t h e  other r e s i s t an t  l i n e s . 
3 7  
Tab l e  1 1 .  An � l ys i s  o f  v a r i an c e  for freez i n g  d amage d a t a  on 
.c o rn i nb r e d  l in e s  in a V o l l r a t h  freez e r . 
S o u r c e  d f  mean s qu a r e  
I n b r e d s  
Run s 
l nb r e d s  x Run s 
E r r o r  
5 
8 
4 0  
1 6 2 
2 . 3 2 * *  
0 . 8 5 * *  
0 . 5 4 * *-
0 . 3 1 
* *  S i gn i f i c a n t  a t  the 0 . 0 1 l ev e l  o f  p r o b ab i l i t y .  
Tab l e  1 2 . L ow an d h i gh t emp e ra t u r e  r e c o r d i n g s  i n  t he 
V o l l r a t h  fr e e z e r  for each exp e r ime n t a l  run . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -M e a n  h i gh - Mean l ow 
t emp e r a � u r e , C0 t emp e r a t u r e , c o  
------ - -- - -=4 �39±o � o 7
-- ------=5�s5±o � 11 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
� 3 . 8 9 ± 0 . 0 7 - 5 . 68±0 . 1 0 
- 4 . 0 0 ± 0 . 0 9 - 6 . 4 0 ± 0 . 1 0 
- 4 . 1 9 ± 0 . 0 7 -5 . 4 7 ± 0 . 0 9 
- 3 . 64± 0 . 1 0 -5 . 7 8± 0 . 1 4 
- 3 . 6 9 ± 0 . 0 8 -5 . 2 4 ± 0 . 0 7 
-4 . 2 3 ± 0 . 0 7 -5 . 5 3 ± 0 . 1 7 
- 3 . 1 6± 0 . 0 7 �4 . 64 ±0 . 1 9 
- 3 . 9 6 ± 0 . 1 1 -4 . 7 5 ± 0 . 1 3 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - -
Tab l e 1 3 . Mean f r e e z i n g  d amage rat i n gs o n  c o rn i nb r e d  l i n e s 
i n  a V o l l ra t h  f r e e z e r . 
----- ------------i���;�-----�;;�-�;i i��i-------------- - ----
--- - - -- -- - - ---- --w64A
-------
2�47 
_ _ _ _ _  A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
W l l 7  2 • . 3 9  A 
W4 3 8  2 . 3 9 A 
C M 1 7 4  2 . 2 2 A 
S D 3 6  2 . 1 4 A B 
B 5 7  1 . 7 8 B 
3 8  
I ce nuc l ea t i on : 
C o r re l at i o n s  b e tween f r e e z i n g  t emp e r a t u r e s  o f  l ea f  
was h i n gs a n d  t he f i rs t  rat i n g , s e c o n d  rat i n g , o r  c omb i n e d  
rat i n g  we r e  n e a r  0 an d d i d  n o t  s i gn i f i c an t l y  d i f f e r  from 0 
( e . g .  t h e  f i rs t  r a t i n g  had a c o r r e l at i on o f  - 0 . 0 2 ) . S i n c e  
popu l at i on s  o f  i c e n uc l e a t i n g b ac t e r i a a r e  v e r y  l ow on c o r n  
s e ed l i ngs i n  t he e a r l y  s p r i n g ( L i n dow e t  a l , 1 97 8 ) an d 
rare l y  app e a r  on n on i n ocu l a t e d s e e d l i ngs i n  g r ow t h  chamb e r s  
( L i n d ow e t  a l , 1 98 2 ) , wh i ch m a y  i n d i c a t e  l ow n umb e r s  i n  t he 
greenhous e ,  t h i s  l ow c o r r e l at i on i n  n ot un u s u a l . 
l f fe c t a  o f  wa t e r  s t re s s  o n  f r e e z e  res i s t an c e  o f  c o rn 
s eed l i ng s : 
B xp e r i ae n t 1 :  
O f  t h e  7 s ou r c e s  o f  va r i at i on { T ab l e  1 4 ) i n  t he 
an a l ys i s  o f  t he f r e e z i n g  i n j ury rat i n gs o f  1 2  d a y  s t re s s e d  
3 9  
an d n o n s t r e s s e d  c o rn i nb r e d  l i n es B 5 7  a n d  W l l 7 , o n l y  i nb r e d s  
b y  exp e r i me n t a l  runs , i nb r e d s  b y  con d i t i on , a n d  i nb r e d s  b y  
expe r i m en t a l  run s b y  con d i t i on w e r e  n on s i gn i f i can t . The 
expe r i • e n t a l runs b y  c o n d i t i on i n t e r act i o n is c au s e d  by a 
change i n  s l ope magn i t ude r a t he r  t h an a s l op e  d i r e c t i on 
c h a n ge { Ap p e n d i x  3 ) . 
The s i gn i f i c an t i nb re d  l i n e  e ffect a ga i n  s h ow e d  
t ha t  W l l 7  was aore s us cep t ib l e  t o  freez i ng i n j ur y  t ha n  was 
B 5 7  { Tab l e  1 5 ) . The s i gn i f i can t con d i t i on e ff e c t  s howe d  
t ha t  t he s t re s s e d  p l an t s  we re s i gn i f i can t l y  l e s s  d am ag e d  
t h an t h e  n o n s t �e s s e d p l an t s  ( Tab l e  1 5 ) .  Th i s  d e c r e a s e i n  
d am a ge i s  s e e n  i n  b o t h  W l l 7  a n d  B5 7 . Pos s i b l e  r e as o n s  fo r 
t h e  s t r e s s ed p l an t s  b e i n g  more r e s i s t an t  i n c l u d e : ( 1 )  a 
• o r e  n e ga t i ve osm ot i c  po t en t i a l  o f  t he s t re s s ed p l an t s  
( Bu rk e e t  a l , 1 97 6 ; Chan d l er , 1 9 1 3 ) , ( 2 )  a d e c r e as e  i n  
a o i s t u re con t e n t  o f  s t re s s e d  p l an t s  ( Me t c a l f e t  · a l , 1 9 7 0 ) , 
( 3. ) a d e c r e a s e i n  wa t e r  p o t en t i a l o f  s t re s s ed p l an t s  ( C a ry 
an d May l an d , 1 9 7 0 ) , and { 4 )  change� in the c e l l  wa l l an d / o r 
c e l l m emb r an e  o f  s t re s s e d  p l an t s  ( Huds on an d B ru s t k e rn ,  
1 96 5 ; O l i en ,  1 96 7 ; C han d l e r ,  � 9 1 3 ) . S i n c e  p l an t s we r e  
a t r e s s e d  o v e r  a 1 2  day p e r i od i t  i s  l i k e l y  t ha t  chan g e s  i n  
4 0  
t he c e l l  w a l l s  and/ o r  c e l l •emb ranes o f  t he s t r e s s e d p l an t s  
i s  a v e r y  s i gn i f i c an t f ac t o r  i n  t h e  i n c r e a s e d  f r e e z i n g  
r e s i s t an c e  o f  t he p l an t s . 
Tab l e  1 4 . An a l ys i s  o f  v a r i an ce for f r e e z i n g  dam a g e  dat a on 
12 day s t r e s s e d  and on n o n s t r e s s e d  corn i nb red 
l i n e s . 
------------- -- - --- - - -- ---- ----------------- - - - - - - - - - - - -- - -
S o u rc e  d f  • e a n  s q u a r e s  
I nb reds 1 
Run s 2 
I nb r e d s x Run s 2 
C on d i t i on 1 
I nb r e d s x C o n d i t i on 1 
Run s x C on d i t i on 2 
l nb r eds x Run s x C o n d i t i o n  2 
E r r o r  1 0 8  
1 4 . 7 0 *  
1 . 8 1 * *  
0 . 3 3 
1 9 . 2 0 *  
0 . 1 3 
0 . 7 8 *  
0 . 2 6 
0 . 2 4 
*�**-sii�Iric;�t-;t -the-o�o5-;nd-o�o1-1e;e1;-�r-pr�b ab i1ity , 
r e s p e c t i v e l y .  
Tab l e  1 5 . M e an · f r e e z i n g  damage r a t i n gs o f  1 2  day s t re s s e d  
a n d  n o n s t r e s s ed c o r n  i nb r e d  l i n e  s e e d l i n g s . 
-----------str;;;;d _ _ _ _ _ _ _ _ _  ion&tressed _ _ _ _ _ _ _ _  Meinii _ _ _ _ _ _ 
! �� r�� �- - - - - - -- - - - - -- ----------------------- ----- - - - - - - -- - -
8 5 7  1 . 0 7 1 . 80 1 . 4 3 c 
W l l 7  1 . 7 0 2 . 5 7 2 . 1 3 D 
Mean * *  1 . 3 8 A 2 . 1 8 B 
ii-Mean&-ro11owed-by-the-;&;e-1etter-&re-n�i-; ig� iric&nt1y-
d i ffe ren t at t he 0 . 0 1 l eve l of p r ob ab i l i t y .  
B xp e r i a e n t 2 :  
A n a l ys i s  o f  t he expe r i me n t i n  wh i ch 5 0 %  o f  t h e  
p l an t s  we r e  s t r e s s e d  fo r 4 8  h r  b e fo r e  b e i n g p u t  i n t o  t h e 
chamb e r  s howe d t h a t  i nb r e d s  ( P < O . O l ) , c on d i t i on ( P < O . O l ) , 
and i nb r e d s  b y  c o n d i t i on ( P < O . O l )  we re s i gn i f i c an t s o u r c e s  
o f  v a r i at i on ( T ab l e  1 6 ) . The i n b reds b y  con d i t i on 
i n t e r a c t i on i s  c aus e d  by a s l op e  magn i t ude change r a t he r  
t h an a c omp l e t e  r e v e r s a l  o f  t he e f fec t s  ( Tab l e  1 7 ) . 
4 1  
T h e  i nb r e d  l i n e  s ou r c e  o f  v a r i a t i on s h owed t ha t  t he 
res i s t an t  l i n e s  w e r e  n umer i ca l l y l e s s  damaged t h a n  t h o s e  
c on s i de re d  t o  b e  s us c ept ib l e  ( Tab l e  1 7 ) . B 5 7  was s i gn i f i ­
c an t l y  l es s  d amaged t han a l l s u s cept i b l e  l i n e s . T h e  s i gn i f­
i c an t i nb re d  l i n e  e ffect i s  •a i n l y due t o  t he n o n s t re s s e d· 
p l an t s . The c on d i t i on s ou r c e  o f  v ar i a t i on s howe d  t ha t  t h e  
s t r e s s e d  p l an t s , un l i k e  t he p re v i ous exp e r i m e n t ,  we r e  m o r e  
s u s ce p t i b l e  t o  f r ee z e  damage t han t h e n on s t r e s s e d  p l an t s . 
Th i s  i s  t rue fo r a l l l i n e s  e x cept W64A . S i n c e  s t r e s s i n g  
p l an t s  f o r  a 4 8  h r  p e r i od i s  l i k e l y  t o  l ower wa t e r  
po t e n t i a l s , r e l a t i v e  wa t e r  c o n t en t s  a n d  o s mo t i c  p o t e n t i a l s 
one m ay b e  l e d t o  b e l i e ve t h a t  wat e r  s t re s s i n g  p l an t s  w ou l d  
de c r e as e f r e e z i n g  s us cep t ib l i t y .  Howeve r ,  freez i n g 
s us ce p t i b i l i t y o f  s t r e s s ed corn p l an t s  c a n  v ar y  w i t h t h e  
c o n d i t i o n s  o f  t he f r e e z e  ( C a r y  a n d  M a ry l an d , 1 97 0 ) . A 
po s s ib l e  e xp l an a t i on fo r s t re s s e d p l an t s  b e i ng m o r e  
s us c ep t i b l e  t han n o n s t re s s e d  p l an t s  i �  s t re s s ed p l an t s  
4 2  
aay have b e e n  u n ab l e  t o  t o l e r a t e  add i t i on a l  d e s s i ca t i on 
cau s e d  b y  e x t rac e l l u l ar f r e e z i n g . 
T ab l e 1 6 . An a l ys i s  o f  va r i ance fo r freez i n g  d amage d a t a  o n  
4 8  h r  s t r es s e d a n d  on n on s t re s s e d  c o r n  i nb r e d  
l i n e s . 
s���c;----------------------df-----------;;;0-;q�;�;; ------
lnb�;d;---------- ------------5--------------2�48** _ _ _ _ _ _ _ _  _ 
Runs 3 0 . 8 1 
l n b r e ds x Runs 1 5  0 . 5 2 
C on d i t i on 1 3 0 . 2 5 * *  
I nb r eds x C o n d i t i on 5 2 . 4 6 * *  
Run s x C o n d i t i on 3 0 . 2 9 
I nb reds x Runs x C o n d i t i on 1 5  0 . 2 8 
E r r o r  1 4 2  0 . 3 2 
**-sii�iri�&�t-;t -th;-o�oi-I�;;!;-�r-pr�babi!ity� -- --- -----
T ab l e 1 7 . M e a n  f r e e z i n g  d amage rat i n gs o f  4 8  hr s t re s s e d 
an d o f  n o n s t res s e d c o r n  i nb re d  · l i n e s . 
-------------------------conditio�--------- ----------------
---------- ---- ---stre&;�d------ ---N�n;tressed 
_ _ _ _  Me&�**  _ _ _ _ 
r a t i n g  n rat i n g  n 
!����g 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
W64 A 2 . 6 9 1 6  2 . 6 9 1 6  2 . 69 A 
W l l 7  2 . 88 1 6  2 . 1 3 1 6  2 . 5 0 A C . 
CM 1 7 4 3 . 0 0 1 6  1 . 94 1 6  2 . 4 7 A C 
W4 3 8 2 . 5 6 1 6  1 . 5 7 1 6  2 . 1 0 B C 
SD 3 6 2 . 3 1 1 6  1 . 8 8 1 6  2 . 0 9 B C 
8 5 7  2 . 8 1 1 6  1 . 1 9 1 4  2 . 0 0 B 
Me an * * 2 . 7 1 A 1 . 90 B . 
**-Me&n;-�����wed-by-the-&&me-Iett�r
�&re-not-& iin i ric&ntiy�-
d i ffe r e n t  a t  t he 0 . 05 l ev e l of p rob ab i l i t y .  
4 3  
B x p e r i•en t
. 
3 :  
S i n c e  wat e r  s t r e s s i n g  p l an t s  re s u l t s  i n  l ow e r  wa t e r  
p o t en t i a l s , l ower t ur gor p o t e n t i a l s , l ower r e l a t i v e  w a t e r  
con t en t s , l ower o s m o t i c  p o t e n t i a l s  an d pos s ib l y a n  o s m� t i c  
adj us t•en t ( i . e . m e a s ur emen t  o f  o s mo t i c  p o t en t i a l  a t  fu l l  
t u r go r ) i t  b e c ame o f  i n t e r e s t  t o  d e t e rm i n e i f  t he s e  
• e a s u r emen t s  o n  4 8  h r  s t r e s s ed and o n  n on s t r e s s ed c o r n  
s ee d l i n gs c ou l d  b e  r e l a t e d  t o  f r e e z i n g  r e s i s t an c e  b e tw e e n  
i n d i v i dua l l i n e s . I f  a re l a t i o n s h i p  wou l d  e x i s t  i t  c o u l d  
t h e n  b e  p o s s i b l e t o  c hoos e b e tween freez e r es i s t an t  an d 
fre e z e s us c e p t ib l e  • l i n es w i t hout s ub j e c t i ng p l an t s  t o  a 
fre e z e  c yc l e . 
O f  t h e  1 5  s ou r c e s  o f  v ar i at i on i n  t he an a l ys i s  o f  
wat e r  p o t e n t i a l s  ( T ab l e  1 8 ) , ·o s mo t i c  p o t en t i a l s  ( T ab l e  1 9 ) , 
t u r g o r  p o t en t i a l s  ( T ab l e  2 0 ) ,  r e l a t i v e wa t e r  c o n t en t s  ( Tab l e  
2 1 ) , an d o s m o t i c  p o t e n t i a l s  ( fu l l t u rgor ) ( Tab l e  2 2 ) o n  4 8  
h r  s t r e s s e d an d n on s t r e s s e d c o r n  i nb red l i n e  s e e d l i n g s  
• e a s u r e d  a t  3 d i f fe r e n t  t imes dur i n g  t he f r e e z i n g  c yc l e , 
expe r i me n t a l  run s , an d t h e  two way i n t er a c t i on i nb r e d s  b y  
c on d i t i o n  w e r e  s i gn i f i can t f o r  a l l aeasu r eme n t s  ( P < O . O l ) . 
The . c o n d i t i on s ou r c e  o f  v ar i at i on was s i gn i f i can t f o r  a l l 
aeas u r e•en t s  e x c e p t  o s•ot i c  po t en t i al s  ( fu l l t u.rgo r )  ( P < O  .. 0 1  
for wat e r  p o t e� t i a l s  an d P < 0 . 05 for t h e  r em a i n i n g 
v ar i ab l es ) . The e x p e r iaen t a �  r u n s  b y  _
c o n d i t i on i n t e r a c t i on 
w as a i gn i f i ca
-
n t  f o r  wat er p o t e n t i a l s  ( P < O . 0-1 ) , o s m o t i c  
p o t e n t i a l s  ( P < O � O l ) , re l a t i ve wa t e r  c on t e n t s ( P < O . O l ) , · an d 
T ab l e  1 8 . .L e � s t s quares an a l ys i s  fo r wat e r  p o t e n t i a l  on 
s t r es s e d  and n on s t r e s s e d corn i nb r e d  l i n e  
s e e d l i n gs . 
44 
s o���;-----------------------------df-----;;;n-squ;�;------
lnb�;d;-----------------------------s--------4o�ssii _ _ _ _ _ _  _ 
Run s 3 1 1 1 . 1 6 * *  
I nb r e d s  x Ru n s  1 5  6 . 2 7 
T i m e  2 1 2 . 5 2 
I nb r e d s  x T i me 1 0  9 . 4 0 
Run s x T im e  6 4 . 6 0 
I nb r eds x Ru n s  x T i me 30 7 . 8 0 
C on d i t i on 1 1 4 14 . 6 1 * * 
I nb r eds x C o n d i t i on 5 5 6 . 3 7 * * 
Run s  x C on d i t i on 3 7 5 . 3 7 * *  
I nb r eds x Runs x C o n d i t i on 1 5  6 . 5 0 
T i me x C on d i t i on 2 2 . 8 0 
I n b r e ds x T i m e x C o ri d i t i on 1 0  4 . 1 4 
Run s  x T i• e  x C on d i t i on 6 6 . 95 
I nb r eds x Run s x T i m e  x C o nd i t i on 3 0  5 . 84 
E r r o r  1 4 1  6 . 0 2 
**-signirican t-;t-th;-o�o1-1�ve1-�r-p��babi1ity�-- - --------
T ab l e  1 9 . An a l ys i s  o f  v ar i an c e  for o s mo t i c  p o t e n t i a l  on 
s t r e s s e d an d n on s t re s s e d corn i nb r e d  l i n e  
s e e d l i n gs . 
s o���;------ - ----------------------df-----�;;n-squ&�;------
lnb�eds 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  5 _ _ _ _ _ _ _ _ _  a:ai _ _ _ _ _ _ _ _  _ 
Run s 3 2 9 . 9 9 * *  
I nb r eds x Run s 1 5  5 . 44 * *  
T im e  2 0 . 3 2 
I nb r e ds x T i a e  1 0  2 . 93 
Run s x T i me 6 1 . 92 
I nb r eds x Run s x T i me 30 3 . 0 9 *  
C on d i t i on 1 5 2 1 . 0 8 *  
l nb reds x C o n d i t i o n 5 1 4 . 7 3 * *  
Run s x C o n d i t i on 3 3 8 . 5 4 * *  
I nb r e ds x Run s x C o n d i t i o n  1 5  2 . 1 9 
T i me x C on d i t i on 2 5 . 68 
I nb r e ds x T i •e . x C o n d i t i on 1 0  2 � 4 3 
Run s x T i m e  x C o ri d i t i on 6 5 . 94 * *  
l nb r eds x Run s  x T i me x C on d i t i on 3 0  3 . 97 * *  
E r r o r  1 44 1 . 99 
*�** -siini ri�&nt-&t-the-o�o5-&�d-o�o1-1eve1&-�r-pr�babi1ity , 
r e s p e c t i v e l y . · 
T ab l e  2 0 . L e a s t s quares an a l ys i s  fo r t u rgor p o t e n t i a l  on . 
. s t re s s ed and n on s t r e s s e d c o rn i n b r e d  l i n e  
s e e d l i n g s . 




_ _ _ _ _ _ _  _ 
Runs 3 2 9 .  5 6 * *  
I nb r e ds x Run s 1 5  8 . 0 8 
T i m e  2 1 5 . 5 7 
I nb reds x T i me 1 0  8 . 4 6 
Run s x T i me 6 6 . 1 1  
I nb reds x Run s x T i •e 3 0  6 . 9 0 
C on d i t i on 1 2 2 2 . 2 4 * 
I nb r eds x C on d i t i o n  5 4 1 . 8 1 * * 
Run s x C on d i t i on 3 1 1 . 5 8 
I nb reds x Runs x C o n d i t i on 1 5  6 . 7 0 
T i m e  x C o n d i t i on 2 3 . 8 3 
I nb reds x T i me x C o n d i t i on 1 0  5 . 8 3 
Run s x T i me x C on d i t i on 6 1 0 . 7 3  
I nb reds x Runs x T i ae x C on d i t i o n  3 0  9 . 7 4 
B r r o r  1 4 1  7 . 4 2 
*�**-sil�i!ic&� t-&t-the-o �o5-&�d-o�o1 -1eve1;-o!-probabi1ii; .  
r e s p ec t i v e l y .  
T ab l e  .2 1 . A n a l ys i s  o f  va r i an c e  for r e l a t i v e  wat e r  c o n t en t  
o n  s t re s s e d and n on s t re s s e d corn i nb r e d  l i n e  
s e e d l i n gs .  
sou��;---------�-------------------d�----�-;;;�-squ&�;---- -
��br;d;-----------------------------5-------292:87* 
_ _ _ _ _ _ _  _ 
Run s 3 2 6 8 7 . 3 7 * * 
I nb reds x Runs 1 5  7 3 . 0 0  
T i me 2 1 0 0 . 6 2  
I nb r e d s  x T i me 10 84 . 6 1 
Run s x T i me 6 5 8 . 04 
I n b r e ds x Runs x T i ae 3 0  5 2 . 5 0 
C o n d i t i on 1 3 0 6 9 6 . 2 3 * 
I nb r e d s  x C on d i t i on 5 3 94 . 7 5 * *  
Run s x C on d i t i on 3 2 4 6 7 . 7 8 * *  
I nb reds x Runs x C o n d i t i o n  1 5  8 1 . 8 3 
T ime x C on d i t i on 2 2 3 � 8 5  
I nb r eds x T i ae x C on d i t i o n  1 0  5 0 . 1 6 
Run s  X T im e  X C o n d i t i on 6 6 o : o 4  
I nb r e ds x Runs · x · T iae x C o n d i t i o n  S O 4 3 . 86 
E r r o r  1 4 �  4 7 . 6 1  
*�**-�ii�Iiic��t-;t-t�;-o:o�-;�d-o:o1-1evei;-oi-�r;b;biiii; . 
r e s p e c t i v e l y .  
T ab l e  2 2 . An a l ys i s  o f  v ar i an c e  for os•o t i c  p o t en t i a l s  
( fu l l  t u r g o r ) o n  s t re s s e d an d n o n s t r e s s ed corn 
i n b r e d  l i n e  s e e d l i n gs . 
4 6  
i����;-----------------------------�i------;;;;-;��;�;-----
l�b�;�;---------------- --- ---------- 5----- - - -- 4�13 
_ _ _ _ _ _ _ _  _ 
Run s 3 6 . 3 8 * *  
I nb r e d s  x R u n s  1 5  1 . 93 
T ime 2 2 . 3 5 
I nb r e d s  x T ime 10  2 . 3 1 
Run s x T i me 6 0 . 6 7 
I nb r e d s  x R u n s  x T i me 3 0  2 . 0 1 * 
C on d i t i on 1 3 . 0 9 
I nb r eds x C on d i t i o n 5 6 . 0 1 * *  
Run s x C o n d i t i on 3 4 . 1 8 * 
I nb reds x Run s  x C o n d i t i on 1 5  0 . 9 1 
T i me x C o n d i t i o n 2 1 . 5 3 
I nb reds x T ime x C o n d i t i o n 1 0  2 . 3 6 
Run s  x T i me x C on d i t i on 6 1 . 3 3 
I n b reds x Run s x T i me x C on d i t i on 3 0  1 . 1 9 
E r r o r  1 4 4  1 . 2 0 
i�ii -iii� i�i�;�i-;i-i�;-����-;��-���i-i;;;i;-�i-����;�iiii� ,  
r e s p ec t i v e l y .  
osmot i c  p o t e n t i a l s  ( fu l l t u rgor ) ( P < 0 . 0 5 ) . F o r  o s m o t i c  
p o t e n t i a l s  ( f u l l t u rgo r ) , t he t h ree way i n t e r ac t i on i n b reds 
b y  expe r i men t a l  run s by t i me was s i gn i f i can t ( P < 0 . 0 5 ) . F o r  
osmo t i c  p o t e n t i a l , t h e  t h r e e  w a y  i n t e r ac t i o n s  i nb r e d s  b y  
exp e r i me n t a l  r un s  b y  t i m e  ( 0 . 0 5 )  a n d  exper i m e n t a l  r u n s  b y  
t i me b y  c o n d i t i on ( P < O . O l )  a n d  t he fo ur w a y  i n t e ra c t i o n 
i nb reds b y  e x p e r i m en t a l  runs b Y  t i m e  b y  c on d i t i o� ( P < O . O l )  · 
w e r e  a l s o  s i gn i f i c an t . 
S i n c e  m a n y  o f  t h e  t h r e e  and four way i n t e r a c t i on s  
c on t a i n i n g  i n b.re d s  an d expe r imen t a l  runs fo r o s• o t i c  
p o t en t i a l s  w e r e  s i gn i f i c a ri t , i n t erpret at i on o f  t h e  i nb re d s  b y  
exp e r imen t a l  . runs i n t e r a c t i on -i s  d i ff i cu l t  ( Tab l e 1 9 ) . 
4 7  
The s i gn i f i c a n t  expe r i a en t a l  r un s  b y  c on d i t i on 
• o ur c e  o f  v a r i at i on i n  t he an a l ys e s  ( Appen d i c e s  5 - 8 ) s h ow 
t h a t  d i ffe r en c e s  i n  t he s i g n i f i c an t  e xpe r iae n t a l  r u n s  e f fect 
for wat e r  p o t e n t i a l s , osmot i c  p o t e n t i a l s , r e l a t i v e wat e r  
c o n t e n t s , an d osmo t i c  p o t e n t i a l s  ( fu l l  t u rgo r ) a r e  t he 
r e s u l t o f  chan ges i n  the s t r e s s i n g  o f  t he 4 8  h r  s t r es s e d  
p l an t s  o v e r  exper imen t a l  runs . 
The s i gn i f i c an t i n b r e d  l i n e  b y  c o n d i t i on i n t e r ac t i on 
i n  a l l an a l ys e s  ex cep t osmot i c _ p o t en t i a l s  { fu l l t u r g o r )  
{ Tab l es 2 3 - 2 7 ) s how t h at t he -d i fferences i n  t h e i n b r e d  l i n e  
e f fe c t s  a r e  m a i n l y  t he res u l t  o f  d i ffe r e n c e s  i n  t he 
•e a s u re me n t s  o f  t h e  4 8  h r  s t r e s s e d p l an t s . Howev e r , t h e  •ean 
wat e r  p o t en t i a l  an d t urgor p o t e n t i a l  fo r n o n s t rea s e d  S D 3 6  
appe a r  t o  b e  a dd i n g  t o  t h e  i nb r e d  l i n e  b y  c o n d i t i o n 
i n t e r ac t i o n . O n e  can add r e s s  t h i s  p rob l e• b y  t ak i n g  a 
c l o s e r  l o ok a t  t he wa t e r  p o t en t i a l  da t a .  A l t hough n o t  
s i gn i f i c an t i n  t he n on s t r e s s e d p l an t s , t he r e  i s  a g en e r a l  
t re n d  o f  d e c r eas i n g  wa t e r  p o t en t i a l o v e r  t im e . T h i s  gen e r a l 
t re n d  i s  po s s i b l y  t he res u l t  o f  d e c reas i n g g r owt h c haab e r 
t empe ra t u re s . The l ower wat e r  p o t en t i a l  a t  t he f i n a l  
aea s u reae n t  t i •e aay a l s o  b e  a r e s u l t o f  e x t race l l u l a r  
f r e e z i n g . S D 3 6 , · at a l l  • e a s u r eaen t t i• e s , h a d  . l ow e r  •ean 
wat e r  p o t en t i a l s  t han t he o t he r  l i n e s . T h i s  l ower aean 
wat er p o t en t i a l  is  part i a l l y v e r i f i ed b y  c omp ar i n g i t  w i th 
r e l at i v e  w a t e r  c o n t e n t  d a t a  f roa p l *n t s  � i t h i n  t he s aae p o t s  
a s  t h o s e  wh i ch w e r e  u s e d  f o r _ w a t e r  p o t en t i al s . · T h i s  
Tab l e  2 3 . Mean w a t e r  p o t en t i a l  read i n gs f o r  s t re s s ed a n d  
n on s t r e s s e d  c o r n  i nb r e d  l i n e  s e e d l i n gs . 
4.8 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I nb r ed 
S t r e s s e d  Non s t r e s s e d  
r e ad i n g  n read i n g  n Me a n * *  
s57-----------a�4a _ __ 23-----------o�s5--24-----4�4a ____ i __ 
S D 3 6  4 . 7 8 2 4  2 . 8 7 24 3 . 8 2 A 
W l l 7  5 . 9 0 24 0 . 84 24 3 . 3 7 C A B 
W4 3 8  5 . 4 6 2 3  0 . 4 7 24 2 . 9 1 C D 8 
W 64 A  5 . 0 0 2 3  0 . 5 1 2 4  2 . 7 1 C D 
CM 1 7 4 3 . 1 5 2 4  0 . 7 5 24 1 . 95 D 
Mean* 5 . 44 A 1· . 0 1 B 
*�**-M;;�; -r�11�wed-by-the-;;;;-!;tte r-;re-n�t-&IIniric&�t1y 
d i ffe re n t  a t  t he 0 . 0 5 a n d  0 . 0 1 l e ve l s , r e s p e c t i v e l y .  
T ab l e  24 . Mean o sm o t i c  p o t en t i a l r e a d i n gs f o r  s t r e s s ed an d 
n o n s t r e s s e d  c o rn i nb r e d  l i n e  s e ed l i n g s . 
- - -- - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - ---- - -- - --- - - - - - -- - -- - - - -. S t r e s s e d  Non s t r e s s e d  
r e ad i n g  n read i n g n M e an * *  
��� ��g--------- -- ---- ---------- ------ ------ - ------------�---8 » 3 6  1 2 . 7 2  2 4  1 0 . 3 7  2 4  1 1 . 55 A . 
W64 A 1 3 . 63 24 9 . 2 0 2 4  1 1 . 4 1 A 
W4 3 8  1 2 . 4 3 2 4  1 0 . 3 9  2 4  1 1 . 4 1 A 
8 5 7  1 3 . 1 7  2 4  9 . 54 2 4  1 1 . 3 6 A 
W l l 7  1 2 � 0 1 2 4  9 . 8 1 24 1 0 . 9 1 A 
C M 1 7 4  1 1 � 1 7  2 4  9 . 6 8 24 1 0 . 4 2 A 
M e a n *  1 2 . 5 2 B 9 . 3 8 C 
* �* *-Me&n;-,�� 1�wed-by-th;-;;;;-Iette r-&re-n�t-;II�Iric&ntiy 
d i f fe r e n t  a t  t he 0 . 0 5 and 0 . 0 1 l e ve l s , r e s p e c t i v e l y .  
T ab l e  2 5 . Mean t u r g o r  p o t e n t i a l  c a l cu l at i on s  f o r  s t r e s s ed 
a n d  n o n s t r e s s ed c o rn i nb r e d  l i n e s . 
--------- ------st�;;&ed _________ Non;t�e&sed _______________ _ 
r e a d i n g  n read i n g  n M e a n *  
� �� r�g! ----- ----- -- -- ------ �- -- - - ------ --- - - - ---- - --- --- ----W64 A 8 . 6 8 2 3  8 . 69 2 4  8 . 68 A 
C M 1 7 4  ·8 . 0 2 2 4  8 . 9 3 2 4  8 . 4 7 A 
W4 3 8  6 . 9 6 2 3  9 . 92 
.
2 4  8 . 47 A 
S D 3 6  7 . 95 2 4  7 . 5 1 2 4  7 . 7 3 A 8 . 
W l l 7  6 . 1 1  2 4  8 . 97 2 4  7 . 54 A B 
· 8 5 7  4 . 74 2 3  8 . 89 2 4  6 . 86 8 
Mean* 7 . 0 8 C . 8 . 8 1 D 
.-Me&n;-r�IIowed-by-the -;&;e-ietter-&re-noi-; IIniric&ntiy __ _ 
. d i ffe r e n t a t  t he 0 . 05 l ev e l . 
· 
T ab l e 2 6 . M e an r e l a t i v e  wat e r  c on t e n t  r e a d i ng s  o f  s t re s s - · 
· e d an d n on s t re s s ed c o r n  i nb red l i n e  s e e d l i n gs . 
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- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I nb r e d s  
S t re s s e d Non s t re s s e d  
r e a d i n g  n read i n g n Mean * 




24 ______ si:a5 _____ c 
CM 1 7 4  8 1 . 0 3 24 9 8 . 0 3 24 8 9 . 5 3 D C 
S D 3 6  7 9 . 1 0 2 4  9 5 . 2 6 2 4  8 7 . 1 8 E D C 
W64A 7 2 . 9 6 24 9 8 . 3 0 2 4  85 . 6 3 E D 
W4 3 8  7 2 . 1 3 2 4  9 8 . 9 9 24 8 5 . 5 6 E D 
8 5 7  7 2 . 9 3 24 9 7 . 97 2 4  8 5 . 4 5 B 
Mean s *  7 7 . 1 3 A 9 7 . 7 7 B 
T ab l e  2 7 . Mean o s mo t i c  p o t en t i a l read i n gs ( fu l l  t ur g o r ) o f  
s t r e s s e d a n d  n on s t re s s e d  c o rn i nb r e d  l i n e a . 
-------------st�;;;;d ___________ Non&tr;&&ed ________________ _ 
read i n g  n r e a d i n g  . n M e an 
! ��r��� - - - - - - - - - - - - - - - ---------------------- - - - - - - - -- - - ---- -
8 5 7  9 . 4 1 2 4  9 . 3 4 2 4  9 . 3 8 
. 
W l l 7  1 0 . 0 6  2 4  9 . 6 3 2 4  9 . 85 
W4 3 8  8 . 8 3 2 4  1 0 . 2 9 2 4  9 . 5 6 
W64 A 9 . 3 8 2 4  9 . 0 3 2 4  9 . 2 1  
S D 3 6  9 . 8 1 2 4  9 . 8 7 2 4  9 . 84 
C M 1 7 4  8 . 9 1 2 4  9 . 4 9 2 4  9 . 2 0 
Mean 9 . 4 0 9 . 6 1 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
comp a r i s on s hows t ha t  i n  t h e  n on s t r e s s ed p l an t s , S D 3 6  a t  
b o t h  •ea s u reme n t  t i mes i n  t he d a rk had l ower r e l a t i v e  wa t e r  
c on t e n t s  t han an y o t her l i n e  a t  any o t he r  t i m e . F o r  t he 
dat a c o l l e c t e d  b e fo r e  t he l i gh t s  wen t o f f  i n  t he g r ow t h  
chamb e r , i t  aus t  b e  a s s u• e d  t h a t  t h e  t echn i qu e s . f o r  
aeas u reae n t  we re n o t  p r ec i s e  e n ough t o  p i c k up t h i s  
r e s p on s e . 
T ab l e s 2 3 - 2 7  for a l � i nb re d  l in e� s how t h a t  t he r e i s  
n o  c o n s i s t e n c y  b e tween a l l l i n e s  wh i ch are c on s i de r e d  free z e 
res i s t an t' .  Howe v e r , t h i s  n o n con s i s t en c y d o e s  n o t  r u l e  out 
t h e  pos s i b i l i t y t h at any o n e  o r  a l l o f  t h e s e  m e a s u remen t s  
•ay b e  p a r t i a l l y  r e l a t e d  t o  freez i n g  i n j ury . I n  a dd i t i on ,  
5 0  
t he r e l a t i o n s h i p s  of wat e r  p o t e n t i a l s  v e r s u s  t u r g o r  
p o t en t i a l s  ( F i g� r �  1 )  fo r t he s t r e s s ed an d n o n s t r e s s e d 
c on d i t i on s  s h ow t h at s om e  l i n e s  are m a i n t a i n i n g  t u r g o r  
p r e s s u r e  up on s t r e s s i n g . However , t he s e  l i n e s  a r e  o f  b o t h  
t h e  fre e z e  r e s i s t an t  a n d  t he f r e e z e  s us c ept i b l e  c a t ego r i e s . 
Re g r � s s i o n  an a l ys es . fo r each l i n e  an d c o n d i t i o n 
o f  re l a t i v e w a t e r  c on t en t  v e rs u s  t u r g o r  p o t en t i a l s hows t h a t  
t he re i s  o £ t e n  s i gn i f i cant regre s s i o n s . Howe v e r , t he 
c o r re l at i on s  fo r r e l a t i v e  w a t e r  con t en t  v e r s u s  t u rg o r  
p o t e n t i a l  have v e r y  l ow R- s quare v a l ue s . F o r  t he s t r e s s ed 
an d n o n s t r e s s ed c on d i t i on s , four an d f i v e  o f  t h e  s i x v a l ues , 
r e s p e c t i v e l y , a re b e l ow 0 . 1 0 . B e c aus e o f  t h e s e  l ow R-s quare 
v a l u es , i t  wou l d  be u n a dv i s ab l e  t o  d e t e rm i n e  c e l l  w a l l 
· e l as t i c i t y v a l u e s  from t he i n t e rcep t s . A dd i t i on a l  d a t a  aay 
be n e e d e d  to i n c r e a s e  t he s e R-square v a l ue s . 
T 
u 10 r 
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Figure 1 •  Graph o f  water potentials vs . turgor potentials for stressed and nonstressed 
corn inbred linea . VI 
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B xp e r iaen t 4 :  
Th i s  expe r i aen t was p e r f o rmed t o  v e r i fy t h e  r e s u l t s  
o f  wa t e r  s t re s s  e x p e r i men t s  1 and 2 .  I n  a dd i t i o n , a 
s t r e s s e d c on d i t i on was us ed t o  che ck i f  a 4 8  h r  s t r e s s  
fo l l owe d b y  wat er i n g  w a s  adequat e t o  e l i c i t  t he s ame r e s ­
p on s e  as a 1 2  d ay s t r e s s  fo l l owed b y  wat e r i n g .  O f  t h e  s ev en 
s ou r c e s o f  v a r i a t i o n  i n  t he an a l ys i s  o n l y  i nb r e d s  b y  
e x p e r i m en t a l run s a n d  i n b r e d s  b y  c on d i t i on w e r e  
- n o n s i gn i f i c a n t  ( T ab l e  2 8 ) . A c l os e  l o ok a t  t he s i gn i f i c an t. 
t h r e e way i n t e r a c t i on s h ows t ha t  4 8  h r  s t r e s s i n g  c o n d i t i on s  
n o t  fo l l ow e d  b y  w a t e r i n g may n o t  b e  i den t i c a l  a c r o s s  
ex p e r imen t a l  run s . Th i s  i s  apparen t b y  c om pa r i ng t h e  aean 
v a l ue for B 5 7  ( 1 . 1 3 ) , s t r e s s ed 48 h r  and not w a t e r e d  a t  
expe r i m en t a l  r un = l w i th t he o t he r  ex p e r i ae n t a l  run s ( 2 . 7 5 -
3 . 0 0 ) . I t  i s  app a r e n t  t ha t  t he s e  p l an t s  � r e  • u c h  l e s s  
damaged t h an t he o t h e r  4 run s . The exact  d i ffe r en c e s  i n  
s t r e s s i n g c o n d i t i o n s ,  h owever , i s  unknown .  F o r t y- e i gh t  hour 
s t r e s s e d p l an t s n o t  f o l l owed by wat e r i n g  w e r e  d am a ge d  s i gn ­
i f i c an t l y  g r e a t e r t han t h e  o t h er 3 c o n d i t i o n s .  Aga i n , 
h owever , B 5 7  a t  e xp e r i m en t a l  run = l  i s  an excep t i o n  t o  t h i s  
s t a t eme n t . S t r es s i n g p l an t s - for 4 8  h r  fo l l owe d  b y  wa t e r i n g  
o r  .f o r  1 2  days fri l l owe d b y  wat e r i n g  s e ems t o  •ak e n o  d i ffer­
ence i n  t h e  d e g r e e  o f  freez i n g res i s t an c e  a c q u i � e d .  F o r t y- . 
e i gh t  hour s t r e s s  f o l l ow e d. b y  wat e r i n g  an d 1 2  d a y  s t r e s s 
f o l l owed b y  w a t e r i n g  we re s t gn � f i can t ly l e s s  d amage d  t h an 
t h e  o t he r  t wo c on d i t i on s  ( Tab l es 2 9 ) . 
5 3  
Tab l e  2 8 . A n a l ys i s  o f  var i ance for s t re s s ed a n d  n on s t re � s e d 
c o r n  i nb re d  l i n e  s e e d l i n gs . 
S o u r c e  
I nb r e d s  
Runs 
Run s x I n b r e ds 
C o n d i t i o n  
I nb r e d s  x C o n d i t i on 
Run s x C o n d i t i on . 
I nb r e ds x R u n s  x C o n d i t i on 
E r r o r  






1 2  
1 2  
2 8 0  
• e a n  s q u a r e  
4 5 . 7 5 * *  
4 . 2 7 * * 
0 . 2 9 
3 0 . 0 6 * *  
0 . 9 9 
0 . 7 6 * *  
1 . 6 9 * *  
0 . 2 7 
* *  S i gn i f i c a n t l y  d i ffe ren t a t  t he 0 . 0 1 l ev e l o f  p r ob ab i l i t y .  
Tab l e  2 9 .  · Mean fros t damage r a t i n gs o f  s t re s s e d  an d 
n o n s t re s s e d corn i nb re d  l i ne a e e d l i n gs . 
C on d i t i on 8 5 7  W l l 7  O v e r a l l Mean * 
S t r e s s e d  2 . 5 3 2 . 95 2 . 7 4 c 
( 4 8 h r ) 
Nons t r e s s e d  1 . 4 0 2 . 3 0 1 . 85 D 
· s t r e s s e d 1 . 0 3 1 . 88 1 . 4 5 E 
( 4 8 h r-wa t e re d )  
S t r e s s e d  1 . 00 1 . 85 1 . 4 3 B 
( 1 2 days -wa t e re d ) 
Ov e r a l l  m e an * *  1 . 4 9 A 2 . 2 4 B 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � � 
* ' * *  Me�ns fo l l owed b y  t h e  s am e  l et t e r a r e  n o t  · s i g n i f i can t l y 
d i ffe re n t  a t  t he 0 . 0 5 a n d  0 . 0 1 · l ev e l s  o f  P.rob ab i l i t y ,  · 
r e s p e c t i v e l y . 
. � 
I n her i t an c e  o f  f r e e z e r e s i s t an c e  i n  � p o pu l a t i o n s  o f  
r e s i s t an t  x s us c e p t ib l e  ( o r r e c i p r o c a l )  c r o s s e s : 
The F expe r i m en t s  w e r e  d e s i gn e d  i n  s uch a way t ha t  
2 
f r e ez i n g  l o c a t i on s  i n  t h e grow t h  chamb er c ou l d  b e  t e s t e d  
w i t h  a n  an a l ys i s  o f  v a r i a n c e . W i t h  t he e x c ep t i on o f  t he 
t r i a l s  i nv o l v i n g  C M 1 0 9  an d W4 3 8 , and CM 1 74 and W4 3 8 ,  
a n a l ys i s  o f  v a r i an c e  ut i l i z i n g  on l y  t he p a r e n t a l  l i n e s  for 
b o t h  rat i n g t i m e s  s howe d  that there were a lways s i gn i f i c a n t  
d i ffe r e n c e s  b e twe e n  d i ffe r e n t  � oc a t i o ns i n  t he g r o w t h  
chamb e r . The s e  t r i a l s  n e v e r  exh i b i t e d s i gn i f i can t l oc a t i on· 
i n t e ract i o n s  ( T ab l e  3 0 ) . 
F o r  t he a n a l ys i s  i nv o l v i n g  t h e  l i n e s  W4 3 8  an d CM 1 7 4 
t he l oc a t i on b y  e x p e r i m e n t a l  run s i n t e rac t i o n was 
s i gn i f i can t ( P < O . O l ) . Th i s  i n t er ac t i on •ay b e  i •p o r t an t  i n  
t h e n o n s i gn i f i c ance b e t ween l ocat i on s  for t h i s  a n a l ys i s  
( Tab l e  3 1 ) .  
M o s t t r i a l s  had a l a rge range i n  t he p e r c e n t  d amage 
ove r l o c a t i on s  ( e . g .  3 0 � to 8 0 �  for t he s ec o n d  p e r c e n t age 
r a t i n gs ( S D 2 3  an d W64A ) and 2 1� to 78% for the f i rs t  
p e r c e n t a ge r at i n gs ( 8 3 7  a n d  8 5 7 ) ) .  
F o r  t h e s e  an a l ys e s  t h e  i nb r e ds b y - exp e r i me n t a l  run s 
i n t e ract i on w a s  � o• e t i • e s  s i g n i fi c an t . Th i s  s i g n i f i c a n t  
i n t e r act i on w a s  n ev e r  t he r e s u l t  o f  a reve r s a l  � n  t h e  
e ffe c t s  ( Ap p e n d i x  1 0 ) . T h e  exp e c t e d  res i s t an t  l i n e s  were 
a l ways s i gn i f i can t l y  l ea s  d�ma�e d  t han t h e  e x p e c t ed 
. s u • c ep t i b l e l i n es ( P < O . O l ,  T ab l e  3 2 ) . 
5 4  
· ) 
5 5  
T ab l e 3 0 . A rep r e s e n t a t i ve a na l ys i s  o f  v a r i an c e  s how i n g n o  
l o c a t i on a l  i n t er a c t i on s  for t he p a r en t a l  l i n e s  i n  
t he F
2 
an a l ys es ( ra t i n g t i•e = 2  fo r S D 2 3  a n d W 64 A ) . 
S o u r c e  
I nb r e d s  
Loc a t i on 
I nb r e d s  x L o c a t i on 
Run s 
I nb r e d s  x R u n s  
Loc a t i on x Runs 
E r r o r  
d f  
1 
2 3  
2 3  
7 
7 
1 6 1  
1 6 1  
. aean s q u a r e  
4 3 8 7 5 1 . 0 4 * *  
2 44 1 . 84 * *  
8 3 5 . 0 1 
3 0 5 9 . 9 3 * *  
8 3 7 . 80 
7 7 1 . 7 0 
6 0 2 . 8 2 
* *  S i gn i f i c a n t  a t  t he 0 . 0 1 l eve l o f  p rob ab i l i t y .  
T ab l e  3 1 . A r ep r e s en t at i v e  an a l ys i s  o f  v a r i a n c e  s h ow i n g  
l oc a t i o n a l  i n t e r a c t i on s  fo r t he p a r en t a l  l i n e s  i n  
t h e . F an a l ys e s  ( ra t i n g  t i •e= 2  f o r  W4 3 8  a n d 
CM 1 7 4� . . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
S ou r c e  d f  m e an s qu a r e  
· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I nb r e d s  
L o c a t i on 
I nb r e d s  x L o c a t i on 
Run s 
I nb r e ds x Run s 
L o c a t i on x Run s  
E r r o r  
1 
2 3  
2 3  
6 
6 
1 3 8  
1 3 8  
1 8 3 1 6 6 . 74 * * 
1 5 3 9 . 1 3  
1 2 5 4 . 1 6  
1 8 6 6 8 . 3 0 * *  
2 5 94 . 3 5 *  
1 2 94 . 86 *  
8 8 6 . 4 8 
- - � - - - - - - - - - - - - � - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - � - - - - - - - - - - - - -
* • * * S i gn i f i c an t  a t  t he 0 . 0 5 and 0 . 0 1 l eve l s  o f  p rob ab i l i t y ,  
r e s p ec t i ve l y .  
A l t h ou g h  t h e r e  was s ome n ume r i c a l  a g r e e• e n t  b e tween 
t r i a l s  c on t a i n i n g  t he s ame n umb e r  o f  l ocat i on s  as to wh i ch 
l oc a t i o n s  s howed t he g r ea t e s t  damage , t he r e  was a l s o  s ome 
o v e r l ap , e s p e c i a l l y  w i t h t h o s e  h av i n g  24 l o c a t i on s  ( e . g .  
l o c a t i o n  1 4  f o r  S D 2 3  and W64A app e a r e d  s e ve r l y  d am aged but 
fo r W4 3 8  and C M 1 7 4  app e a r e d  s l i gh t l y  dam aged ) .  S i n c e  t he s e 
t r i a l s  s how t hat l o c a t i on s  i n  the growth chamb e r  •ay c aus e 
d i ffe r e n c e s  i n  f re e z i n g  i n j u ry , i t  i s  p os s i b l e  t h a t  t he 
v ar i o us l oc a t i on s  m ay have re & u l t e d  i n  t he i nb reds b y  
5 6  
exp e r i men t a l  runs  i n t e ra c t i on s  o f  t r i a l 5 i n  t h e  i nb r e d  l i n e  
freez i n g  t r i a l s . No c o n n e c t i o n cou l d  b e  d r awn b e t w e e n  t he 
t emp e r a t u r es a s  r ec o r d e d  b y  t hermo coup l e s i n  9 p l a c e s  o f  t he 
g r ow t h  c hamb e r  ( Appen d i x  1 1 )  and freez i n g i n j ury . 
B o t h  t h e f i r s t  an d s e c o n d  p e r c en t age r a t i n gs i n  
c a l cu l a t i n g  b r o a d  s e n s e  her i t ab i l i t y es t i • a t e s  s h owed t h at 
f r e e z i n g  r e s i s t an c e  can app r oach 50� h e r i t ab i l i t y  ( Tab l e  
3 3 ) . 
Tab l e  3 2 . M e an f r e e z i n g  d amage rat i n gs o f  t h e  i n b r e d  l i n e s  
i n  t he F 2  expe r i men t s . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - a;tin�- - - - - - i;tini _ _ _ _ _ _ _ _ _  _ 
T r i a l  I nb reds T i •e = l  · T i • e � 2  
--------�------------i57 _ _ _ _ _ _ _ _  47:5o _ _ _ _ _ _ _ _  55�2I _ _ _ _ _ _ _ _  _ 
1 B l4 A  75 . 1 0 80 . 89 
2 B 5 7  3 3 . 8 1 3 6 . 6 1  
2 8 3 7  83 . 9 9 8 7 . 1 4 
3 S D 2 3  1 4 . 8 7  1 7 � 0 0  
3 W64A 8 2 . 0 8 84 . 6 1 
4 W4 3 8  24 . 5 5 2 6 . 85 
. 4 CM 1 7 4 · 69 . 3 1 7 3 . 54 
5 W4 3 8  1 0 . 1 3 1 1 . 7 9 
5 C M 1 0 9  8 3 . 4 6 84 . 5 8 
· � - � - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - � - - - - - - - - - - - - -
· ) 
T ab l e  3 3 . ae r i t ab i l i t y  e s t i m a t e s  fo r free z i n g  r e s i s t an c e  
u s i n g  t h e  f i r s t  an d s e con d per c e n t a ge r a t i n gs . 
F 
2 
8 5 7  x 8 1 4 A  
8 3 7  X 8 5 7  
S D 2 3  x W64A 
W4 3 8  x CM 1 7 4 
W4 3 8  x C M 1 0 9  
P e r c en t a ge 
r a t i n g = l 
1 5 . 1 3 �  
2 6 . 67� 
4 2 . 4 0 �  
1 5 . 5 0 � 
4 9 . 6 1 �  
S c a l e  
Percen t age 
rat i n g = 2  
1 . 2 0 �  
3 3 . 0 0 �  
3 7 . 4 9� 
1 4 . 6 0 %  
4 7 . 4 4 �  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · 
B y  u t i l i z i n g  t he d a t a  i n  wh i ch p l an t s  we r e  e i t he r  
j udged a s  r e s i s t an t  ( � 6 0 �  dam ag e ) o r  s u s c ep t i b l e  ( > 6 0 %  
damage ) ( F i gu r e  2 ) , a C h i - s quare t e s t f o r  h e t e r o g en e i t y 
5 7  
s hows t hat t he d a t a c a n  b e  c on s i de re d  ho•ogen eous ( Tab l e  3 4 , 
C h i -s qu a r e = 6 . 5 7 ) . 
F u r t h e r · C h i - s quare t e s t s  on t h i s  p o o l e d d a t a  s h ow 
t ha t  s e v e r a l  s e g r egat i on rat i o s c an be e l i m i n a t e d  ( T ab l e  
3 5 ) .  
B y  d i s r e g a r d i n g  the t r i a l s  i n v o l v i n g  B 3 7  a n d  B 5 7 , 
a n d  W 4 3 8  a n d  C M 1 7 4 on t he b as i s t ha t  t he res i s t an t : 
s u s c ep t i b l e  r at i o  wa� at t h e  ex t r em e s  o f  a l l 5 c r o s s e s , an d 
t h e  c ro s s 8 5 7  x B l 4 A  on the b as i s  t hat 8 �  o f  t he p o t �  t e s t ed 
s howe d  p ar en t a l  a c t i on wh i ch was oppos i t e  t o  t he e x p e c t ed 
e f fe c t s , t he C h i � s quare v a l ue for het e rogen e i t y  d e c r e a s e s  t o  
0 � 0 1  ( P < O . O l ) . C h i - s quare an a l ys e s  for t he s e r e s u l t s , 
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Figure 2 • Frequency dis tributions for percent damage of the inbred lines W4J8 and CM1 ?4, and the· F 2 W4J8 x CM1 ?4. · 
V1 
00 
Tab l e  3 4 . - N umb e r s o f  r e s i s t an t  an d s us c ep t ib l e  F p l an t s . 
. 2 
Res i s t an t  S us c ep t i b l e  
8 5 7  X B l 4 A  
B 3 7  X 8 5 7  
S D 2 3  x W64 A 
W4 3 8  x C M 1 74 
W4 3 8  x C M 1 0 7  
T o t a l  
3 5  
4 3  
9 3  
5 4  
�� 
3 2 3  
2 7  
1 8  
5 4  
4 9  
§� 
2 0 6  
T ab l e  3 5 . C h i - s q u a r e  v a l ues fo r v a r i ous F 2  s e g r e ga t i o n 
r a t i o s ( p oo l e d dat a f r om Tab l e  3 4 ) . 
------------R;ti�----------�-----chi=;q�;��-;& iu�----- -----
----------------------------------------------------- ------2 7 : 3 7 2 . 2 8 * *  
9 : 7 4 . 9 7 *  
3 : 1 5 4 . 84 
1 3 : 3  1 4 1 . 5 6 
5 5 : 9  2 7 0 . 94 
1 5 : 1  95 6 . 0 8 
6 3 : 1  4 0 8 2 . 67 
5 9  
i;ii-i ii�Iii�;�i -&i-i��-�:��-;��-�:�1-1;;�1;-�i-����;�Iiii� . -
r e s p e c t i v e l y . 
Tab l e  3 6 . C h i - s qu a r e  v a l ue s  for . v a r i ous F2 s e g r e ga t i on 
r a t i o s  ( p o o l e d  da t a  o f  T ab l e 3 4 , e x c l ud i n g t he 
c r o s s e s 8 3 7  x 8 5 7 , W4 3 8  x CM 1 7 4 , and B 5 7  x B l 4 A ) . 
---------- - -R;ti�---- --------------chi=iqua ��-;;1�� - -------
- - - -
-
- - - - -
-
- 27 !37 - - - ------- - - - - - - - - - - - -3�39* *- - - - - - - - �- - - - -
9 : 7 5 . 67 *  
3 : 1 1 1 . 5 6 
1 3 : 3  65 . 9 9  
5 5 : 9  3 1 . 4 9 
1 5 : 1  4 87 . 7 3 
6 3 : 1  2 3 94 . 1 6 
. -
i;ii- siiniiic&�t -&t- th� -o:o5-���-�:o1-1�v�1;-�i-p���&b iiii� ,  
r e s p e c t i v e l y . 
3 6 ) . The two po s s i b l e  rat i o s  s hown , 9 : 7 an d 2 7 : 3 7 ,  a r e  2 
an d 3 gen e m o de l s , r es p e c t i ve l y , and i n c l ud e  e p i s t at i c · 
e f fe c t s  o f  homoz ygo t e  rece s s i v e  l o c i  on t he o t he r  l oc i . 
W i t h t h e  p r e s en c e  of F freez i n g  r es i s t an c e s  
2 
. 
6 0  
app e a r i n g  out s i de t he ranges o f  the paren t s , howev e r , i t  can 
b e  v i s ua l i z e d t ha t  t he r e  are 2 o r  more gen e s  i n v o l ve d  w i t h  
f r e e z i n g  r e s i s t an c e  and each gene p a i r  ex h i b i t s  p a r t i a l  
d om i n ance w i t h ad d i t i v e e ffec t s  for e ac h  g en e . I n  a dd i t i on , 
o n e  gene m ay add m o r e  r e s i s t an c e  o r  s u s c ep t i b i l i t y t o  a 
p l an t  then an o t he r · ge n e . F o r  e x amp l e , i f  a t h r e e  g e n e  •ode l 
i s  v i s u a l i z e d , an d t h e  s u s cep t i b l e  paren t i s  AABB c c  and t he 
r e s i s t a n t  p a r en t i s  aabbCC , t he F wou l d  i n c l ud e  g e n o t yp e s  
2 
a ab b c c  an d AABBCC , .wh i c h wou l d  have phen o t yp e s  o u t s i d e  t he 
r a n ge s  o f  t he p a r en t s . I n  t h i s  t h ree gene m o de l , a 2 7 : 3 7  
rat i o  wou l d  b e . i n c o r r e c t  b e caus e r e s i s t an c e s  a n d  
s u s c ep t i b i l i t i e s  a r e  a g r aded e ffect r a t h e r  t hart a n  a l l  o r  
n o n e  e ffe c t . Th i s  wou l d  b e  t he s ame c a s e  i f  a two g e n e  
mode l were hyp o t he s i z e d . C o n s equen t l y , add i t i on a l  r e s e a r ch 
n eeds t o  b e  d o n e  o n  o t he r  F s ,  b ac k c ros s es , s i n g l e  c r o s s es , 
2 
e t c . , b e fo r e  a ge n e t i c  mode l o f  freez i n g  r e s i s t an c e  c an b e  
a s c e r t a i n e d . 
} 
CONC LUS IONS 
F ro m  t he preceed i n g  r e s earch the fo l l ow i n g  
c on c l us i o n s  c an b e  d r awn : 
1 ) . Techn i q ues us e d  i n  t h e s e exper i m en t s  can 
c on s i s t en t l y  d i s t i n gu i s h  the s am e  f r e e z e 
r e s i s t an t  l i n e s . 
2 ) . T h e r e  i s  gen e t i c  v a r i a t i on for 
fre e z i n g res i s t an c e  in corn ( g �� ���� L . ) .  
3 ) . Th i s  gen e t i c  va r i a t i on appea r s  n o t  t o  b e  
re l a t e d t o  i c e n uc l eat i n g  b ac t e r i a .  
4 ) . Th i s  ge n e t i c  va r i a t i on app e a r s , a t  l ea s t , n o t  
s o l e l y  r e l a t e d  t o  wat e r  pot e n t i a l , t u r g o r  
p o t e n t i a l , osm ot i c  p o t e n t i a l , r e l a t i v e 
5 ) . 
6 ) . 
7 ) . 
wat e r  con t en t , or osmot i c  po t en t i a l  ( fu l l 
t u rgo r ) read i ngs . 
Wat e r  s t res s i n g  c o rn { g�� ���� L.) c h a n g e s  
f r e e z i n g  res i s tance charact e r i s t i cs o f  
i n d i v i du a l  l i nes . 
He r i t ab i l i t i e s  for f r e e z i n g  r e s i s t an c e  can 
reach ab out 5 0 � . 
F r e e z i n g  res i s t ap c e  i n  corn ( g �� ���� L. ) 
appears not t o  b e  a s i n g l e  g e n e  t r a i t . 
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Appen d i x  1 .  
APPEND I X  
Mean f r e e z i n g  damage v a l ue s  f o r t h e  
i nb re d s  b y  expe r i men t a l  run s i n t e r ac t i o n for 
s c r ee n i n g  c o rn i n b r e d  l i n e s  for f r e e z i n g  
r e s i s t an c e - t r i a l  5 .  
E xp e r imen t a l  Run s 
1 2 3 
6 7  
!��r�g�- ----- --------------- ----- ---------- - - ------ --------
W64 A 3 . 0 0 3 . 0 0 3 . 0 0 
A34 3 . 0 0 3 . 0 0 2 . 8 3 
CM 1 7 4 2 . 6 7 3 . 0 0 3 . 0 0 
S D p 3 0 9  2 . 6 7 3 . 0 0 2 . 8 3 
C M 1 0 9  3 . 0 0 2 . 6 7 2 . 5 0 
W F9 2 . 5 0 2 . 3 3 2 . 6 7 
CM 1 6 9 2 . 6 7 2 . 0 0 2 . 6 7 
CM3 7 3 . 0 0 2 � 0 0 2 . 3 3 
W l l 7  2 . 3 3 2 . 5 0 2 . 5 0 
S D 8A 2 . 6 7 2 . 0 0 2 . 0 0 
W l 82 B  2 . 0 0 2 . 3 3 . 2 .  3 3  
W l 8 2 E  2 . 5 0 1 . 6 7 2 . 3 3 
S D 2 3  1 . 8 3 2 . 6 7 1 . 8 3 
H95 1 . 5 0 2 . 0 0 2 . 6 7 
S D 3 6  2 . 1 7 2 . 3 3 1 . 5 0 
LH3 9 1 . 5 0 2 . 5 0 1 . 8 3 
W4 3 8  2 . 0 0 1 . 3 3 2 . 1 7 
B 5 7  1 . 5 0 2 . 1 7 1 . 5 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - �- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. App en d i x . 2 .  Mean f r ee z i n g  d aaage v a l ues for t he 
i nb r eds b y  exper i m en t a l  run s i n t er a c t i on s  f o r  
s c r e e n i n g  c o r n  i nb r e d  l i nes for f r e e z i n g  
res i s t an c e  t r i a l i n  a V o l l r a t h  f r ee z e r • 
6 8  
. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Run W64A W 1 1 7  W4 3 8  CM 1 7 4 S D 3 6  B 5 7  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � -
1 2 . 25 1 . 7 5 2 . 2 5 2 . 5 0 1 . 7 5 1 . 0 0 
2 2 . 7 5 2 . 5 0 2 . 5 0 1 . 7 5 1 . 7 5 2 . 5 0 
3 2 . 5 0 2 . 0 0 2 . 5 0 1 . 5 0 2 . 0 0 1 . 7 5 
4 2 . 7 5 2 . 7 5 2 . 7 5 2 . 7 5 2 . 2 5 1 .  7.5 
5 2 . 2 5 2 . 2 5 2 . 2 5 2 . 2 5 2 . 2 5 1 . 2 5 
6 2 . 7 5 2 . 7 5 2 . 5 0 2 . 2 5 3 . 0 0 1 . 2 5 
7 2 . 5 0 2 . 2 5 2 . 2 5 3 . 0 0 1 . 75 2 . 2 5 
8 2 . 2 5 2 . 7 5 2 . 2 5 2 . 0 0 2 . 0 0 2 . 0 0 
9 2 . 2 5 2 . 5 0 2 . 2 5 2 . 0 0 2 . 5 0 2 . 25 
- - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � 
Appen d i x  3 .  Mean treez i n g  damage v a l u es for t h e  
ex per i m e n t a l runs b y  c o n d i t i on i n t e r ac t i on 
for t h e exp e r imen t i nv o l v i n g  a 1 2  day 
s t re s s o n  B 5 7  a n d  W l l 7 . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
E xp e r i •e n t a l  Run s 
- - - - - - - - - - - - - - - - - - - - - - -- - - - - - - --- - - - - ------ - - - - - - - - - - - - - - - -
1 2 3 
g2� �i! i2�- - - - - ------- ----- --------------�-- - - - - - - -- -- - -- �--
S t r e s s e d 
Non s t r es s e d  
1 . 4 5 
2 . 5 5 
1 . 4 0 
2 . 1 5 
1 . 3 0 
1 . 85 
- - - - - - - - - - - - - - - - - --- - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - -
Appe n d i x . 4 .  The i nb reds b y  exper i•en t a l  run s i n t e r ac t i on 
fo r t h e  osmot i c  p o t en t i a l  o f  t he 4 8  h r  w a t e r  
s t r e s s e d  ( n o t  w a t e r e d ) a n d  n o n s t r e s s ed c o r n  
i nb r e d  l i n e  s e e d l i n gs . 
E xp e r i m e n t a l  Run s 
1 2 3 4 
6 9  
� ��r�g! _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
8 5 7  1 0 . 3 3  1 0 . 64 1 1 . 8 8 1 2 . 5 7 
S D 3 6  1 0 . 4 5 1 0 . 99 1 2 . 0 7 1 2 . 69 
W l l 7  1 1 . 1 4 9 . 8 7 1 1 . 3 4 1 1 . 3 0 
W4 3 8  1 1 . 2 1 1 1 . 4 9 1 1 . 68 1 1 . 2 6 
W64A 9 . 8 3 1 1 : 6 8 1 3 . 0 3 1 1 . 1 0  
CM 1 7 4  9 . 9 2 9 . 9 9 1 0 . 64 1 1 . 1 4 
App e n d i x  5 .  The e x p e r imen t a l  runs b y  cond i t i o n  
i n t e r a c t i on f o r  wat er p o t en t i a l s  o f  4 8  h r  
w a t e r  s t r e s s e d  ( n o t  w a t e r e d )  a n d  n on s t r e s s e d 
c o r n  i nb re d  l i n e  s e e d l i n gs . 
E x p e r i m en t a l  Run s 
- - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 2 3 4 
� Q� g! ! ! 2n _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ 
S t r e s s e d 
N o n s  t r e s s e d  
- 3 . 1 3 
- 0 . 9 7  
- 3 . 98 
-0 . 6 2 
- 8 . 1 5 
- 1 . 3 1 
� 6 . 4 9 
- 1 . 45 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ap pe n d i x  6 .  The ex p e r imen t a l  run s b y  con d i t i o n  
i n t e r a c t i on f o r  osm o t i c  p o t en t i a l s  o f  4 8  h r  
s t re s s e d ( n o t  w a t ered ) a n d  n on s t r e s s e d c o rn 
i n b r e d  l i n e  s e e d l i n gs . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
E x p e r i m e n t a l  R�n s 
- - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - � 
1 2 3 4 
· gQ�g!!! 2� - - - - - -- - - - - - - - - - - - �- - ----- �-------- - - - - - - - - - - - ----
S t re s s ed 
Nons t re s s ed 
- 1 0 . 8 2  
- 1 0 . 1 4 
. ·- 1 2 . 0 6  
-9 . 5 0 
- 1 3 . 7 5 
- 9 . 7 9 
- 1 3 . 4 6 
.-9 . 9 0  
- � - - - - - - - - - - - � - - - - - - - - - - - - - -
- - - - - � - - - - - - - - - - - - - - - - - - - - � - - - -
· · · � 
7 0  
Appe n d i x  7 .  T h e  i nb re ds b y  expe r i men t a l  r u n s  i n t e rac t i on 
for r e l a t i ve w a t e r  c on t en t  o f  4 8  h r  s t re s s e d  
( n o t  wa t e red ) an d n o n s t re s s e d  c or n  i nb re d  l i n e  
s e ed l i n g s . 
Exp e r i m en t a l  Run s 
1 2 3 4 
�Q�g!!!Q�---- ----------------------------------------------
S t re s s e d 
Nons t r e s s ed 
App en d i x 8 .  
9 1 . 94 
9 8 . 3 8 
8 1 . 4 3 
9 7 . 6 5 
65 . 88 
9 8 . 7 0 
6 9 . 2 6 
9 6 . 3 6 
The expe r i men t a l  run s b y  con d i t i on i n t e r a c t i on 
f o r  o sm o t i c  p o t en t i a l s  ( fu l l  t ur go r ) o f  4 8  h r  
s t r e s s e d ( n o t  w a t e re d ) a n d  n o n s t r e s s e d c o rn 
i nb r e d  l i n e  s e ed l i ngs . 
- - - - - - - - - - - - - - - - - - - - -i;perim�nt&
I
- iun; - - - - - - - - - - - - - - - - � - - - - -
1 2 3 4 
�Q� g!!!Q�- - - -----------------------------�---------- - ------
S t r e s s e d 
Non s t re s s e d 
9 . 8 9 
9 . 98 
9 . 6 3 
9 . 2 8 
8 . 8 5 
9 . 6 6 
9 . 2 5 
9 . 5 2 
- - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
· . · � · 
Appe n d i x . 9 .  The e x p e r imen t a l  runs b y  con d i t i on 
i n t e ra c t i on for t h ree d i f fe r en t t yp e s  o f  
w a t e r  s t r e s s e d a n d  n o n s t re s s e d  c o r n  i nb r e d  
l i n e  s e e d l i n gs . 
E x p e r imen t a l  Run s  
1 2 . 3 4 
7 1  
5 
� Q��! ! ! Q� --- - - - - - - - - - ------------- - - - � - - - - - - - - - - - -- - - - -----
S t re s s e d 2 . 0 0 2 . 8 8 2 . 8 8 3 . 0 0 2 . 94 
{ 4 8 hr ) 
Non s t re s s e d 1 . 6 9 1 . 8 8 1 . 5 0 2 . 3 8 1 . 8 1 
S t r e s s e d  1 . . 1 9  1 . 1 9 1 . 6 3 1 . 7 5 1 . 5 0 
{ 4 8 h r-wa t e r e d ) 
S t r e s s e d 1 . 1 3 1 . 2 5 1 . 3 8 1 . 6 9 1 . 6 9 
( 1 2 d ay-wat e r e d ) 
Appe n d i x  1 0 . The i nb r e d s  b y  exper i•en t a 1  run s i n t e ra c t i o n  
for t he F exp e r imen t s . 
2 
1 .  W4 3 8  x CM 1 74 
Runs 
W4 3 8  
p e r c e n t  pe rcen t 
T i me= 1 T im e = 2 
C M 1 7 4  
p e r ce n t  p e r c e n t 
T ime= l T i m e = 2  
7 2  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -1 7 2 . 7 1 7 8 . 3 3 9 0 � 0 0 9 3 . 3 3 
2 2 9 . 1 7  3 1 . 4 6 8 1 . 04 8 3 . 9 6  
3 8 . 9 6 1 1 . 4 6 5 6 . 67 6 2 . 5 0 
4 2 . 7 1 3 . 7 6 4 3 . 3 3 4 8 . 1 3 
5 1 3 . 54 1 3 . 7 5 65 . 2 1 7 3 . 7 5 
6 3 1 . 2 5 3 4 . 1 7 8 3 . 1 3 8 7 . 0 8 
7 1 3 � 54 1 5 . 0 0  65 . 8 3 66 . 0 4 










6 . 2 1 
2 . 7 1 
1 3 . 1 3 
2 1 . 6 7 
1 1 . 8 8 
1 4 . 3 8  
9 . 1 7  
2 . 9 2  
7 . 6 0 
2 . 5 0 
1 6 . 2 5  
2 5 . 0 0 
1 1 . 0 4 
1 7 . 2 9 
1 0 . 8 3  
3 . 9 6 
9 2 . 7 1 
8 5 . 83 
7 6 . 2 5  
7 5 . 2 1 
84 . 3 8 
95 . 5 8 
8 2 . 0 8 
7 6 . 67 
9 2 . 7 1 
8 7 . 5 0 
7 7 . 2 9  
7 7 . 2 9  
· a4 . 5 8 
9 5 . 42 
8 4 . 7 9 
7 7 . 0 8  
7 3  
0 
Ap pen d i x  1 1 .  Mean l ow t e•pe r a t u r e  reco r d i n g s  ( C )  fo r t he 
F t r i a l s . 
2 
W4 3 8  x C M 1 7 4  W4 3 8  x CM 1 0 9  S D 2 3  x W4 3 8  









-4 . 3 4 ± 0 . 0 2 
-4 . 3 8± 0 . 0 2 
- 3 . 1 7 ± 0 . 0 7 
- 3 . 0 9± 0 . 0 9 
� 3 . 4 1 ± 0 . 0 6 
- 3 . 4 3 ± 0 . 1 3 
- 3 . 4 0 ± 0 . 1 3  
Appen d i x  1 1  ( c on t . ) .  
- 3 . 2 7 ±0 . 0 6 
- 3 . 5 0 ±0 . 0 9 
- 3 . 4 3 ±0 . 0 7 
- 3 . 2 4 ± 0 . 1 2 
- 3 . 44±0 . 0 8 
- 3 . 4 8±0 . 0 8 
- 3 . 4 0 ± 0 . 0 7 
- 3 . 3 7 ± 0 . 0 9 
B 3 7  x · B 5 7  
- 3 . 1 4 ± 0 . 0 7 
- 3 . 5 0 ± 0 . 0 9 
- 3 . 4 8± 0 . 1 0 
- 3 . 3 8± 0  . .0 8  
- 3 . 3 4 ± 0 . 1 0 
- 3 . 3 8± 0 . 0 8 
- 3 . 4 8 ± 0 . 1 0 
- 3 . 4 7 ± 0 . 1 0 
8 5 7  x B 64 A  









-4 . 4 1 ± 0 . 0 4 
-4 . 1 0 ± 0 . 1 0 
-4 . 6 3 ± 0 . 1 0 
-4 . 4 8 ± 0 . 0 6 
-4 . 7 3 ± 0 . 0 8 
-4 . 2 8±0 . 0 9 
-4 . 8 6 ± 0 . 1 2 
. -4 . 8 7 ± 0 . 0 9 
-4 . 7 3 ± 0 . 1 0 
-4 . 6 0 ± 0 . 1 0 
-4 . 5 4 ± 0 . 1 0 
-4 . 2 1 ± 0 . 0 8 
-4 . 3 6± 0 . 0 8 
-4 . 6 0 ± 0 . 0 8 
-4 . 5 3 ± 0 . 0 5 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - -
